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Abstract 


Any disruption in the intracellular functions ranging from DNA transcription to protein 
ligand binding as well as intercellular communication may cause cellular transformation 
to malignant cell in the proper microenvironment when it could escape from the immune 
system. In this chapter, specifically, genetic alterations playing role in the prostate cancer 
are intended to be reviewed briefly under the subheadings of genomic instability and the 
hallmarks of cancer which are sustaining proliferative signaling, evading growth sup- 
pressors, resisting cell death, enabling the replicative immortality, inducing angiogen- 
esis, activating invasion and progression to metastatic disease, reprogramming of the 
energy metabolism and evading immune destruction. 
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1. Introduction 


The basic molecular pathways and genetic alterations related to the cancer formation from 
normal cells irrespective of origin of tissue, are explained elsewhere in detail in many relevant 
textbooks. In this chapter, specifically, genetic alterations playing role in the prostate cancer 
are intended to be reviewed briefly under the subheadings of the hallmarks of cancer pro- 
posed by Hanahan and Weinberg, in the light of up to date studies [1, 2]. 


The proposed hallmarks of cancer are consisted of sustaining proliferative signaling, evading 
growth suppressors, resisting cell death, enabling replicative immortality, inducing angio- 
genesis, activating invasion and metastasis, reprogramming of energy metabolism and evad- 
ing immune destruction [1, 2]. Underlying these hallmarks is the genome instability, which 
generates the genetic diversity promoting their acquisition [1, 2]. 
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The Cancer Genome Atlas (TCGA) research on prostate cancer figured out seven genetic sub- 
types of prostate cancer [3]. Four subtypes are characterized by specific gene fusions includ- 
ing whereas the rest are characterized by genetic mutations particularly in SPOP, FOXA1, and 
IDH1 genes [3]. Gene fusions mainly included ERG (46%), ETV1 (8%), ETV4 (4%), FLI1 (1%) 
and gene mutations were commonly found in SPOP (11%), FOXA1 (3%) and IDH1 (1%) [3]. 
However, still almost quarter percent are not categorized in any of them, confirming genetic 
heterogenicity of prostate cancer [3]. However, these recently suggested genetic subgroups of 
prostate cancer may fit for future clinical trials of selective medical or genetic treatments in 
relevant subgroups. Yet, it is to be noted that the presented classification does not necessarily 
mean the relevant genes either involving gene fusions or mutations are themselves cause of 
cancer formation and yet they may only represent common alterations during carcinogenesis 
driven by any other one. 


In other words; any disruption in the intracellular functions ranging from DNA transcrip- 
tion to protein ligand binding as well as intercellular communication may cause cellular 
transformation to malignant cell in the proper microenvironment when it could escape from 
immunity. 


2. Genomic instability 


Using allelotyping except the short arms of the acrocentric chromosomes, loss of heterozy- 
gosity and or gene fusions were shown to be 61% in prostate cancer [4]. Common allelic 
deletions were in chromosome 16q (60%), chromosome 8p (50%), chromosome 10p (55%) and 
10g (30%). Allelic deletions of chromosomes 2, 3, 7, 12, 13, 17, 18, 22, X and Y were at lower 
frequencies, however no allelic deletions were present in any case without any of the dele- 
tions in chromosomes 8, 10, or 16 [4-7]. As expected, the more chromosomal deletions were 
present, the higher histological grade was present in prostate cancer [4]. This genetic het- 
erozygosity more has recently been confirmed by TCGA research as the gene fusions were 
reported in 59% of prostate cancer [3]. With more specific methods, deletion in some specific 
regions of chromosome 8p (specifically 8p11-8p21) is more common up to 50-70% in prostate 
cancer compared to others [4, 5, 8, 9]. Chromosomal region 8p11-8p21 contains over 400 genes 
(Figure 1) among which some has gained more attention in research for prostate carcinogen- 
esis like NKX3.1 which is an androgen regulated prostate specific homeobox gene [10-12]. 
Conditional deletion of one or both alleles of Nkx3.1 in mice has been shown to cause pros- 
tatic intraepithelial neoplasia (PIN) [13]. Even in murine epigenetic cancer models, Nkx3.1 
deficiency further increased the frequency of PIN lesions [14]. 


Another chromosomal alteration commonly seen, occur in chromosome 10 [4, 5, 15-19]. One 
of the common alterations (60%) is the loss of the phosphatase and tensin homolog gene 
(PTEN) on chromosome 10q23.3 which is a negative regulator of the PIK3/Akt survival path- 
way [15-19]. The loss of PTEN in prostate cancer has been linked to higher Gleason grades, 
oncogenic TMPRSS2-ERG fusions, androgen-independent progression and metastasis [15-19]. 
Else, the size of PTEN deletions were classified into five distinct subtypes: (1) small interstitial 
(70 bp-789 kb); (2) large interstitial (1-7 MB); (3) large proximal (3-65 MB); (4) large terminal 
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Figure 1. Some of the important genes located in 8p11-8p21 which are deleted up to 50-70% of prostate cancer (from 
http://www.ensembl.org). 


(8-64 MB), and (5) extensive (71-132 MB), all were flanked by low copy repetitive (LCR) 
sequences [20]. All types had some gains of 3q21.1-3q29 and deletions at 8p, RB1, TP53 and 
TMPRSS2-ERG and ones with large interstitial deletion had worse prognosis [20]. Although 
PTEN deletions seem to affect aneuploidy through PIK3/Akt pathway, some other factors act 
directly. To give a sample, NKX3.1 binds to androgen receptor at the ERG gene breakpoint 
and inhibits the recombination of TMPRSS2 and ERG gene loci. Loss of NKX3.1 favors error- 
prone nonhomologous end-joining (NHEJ), further increasing TMPRSS2-ERG fusions [21]. 
Interestingly, intrinsic mechanism of the repair of DNA double-strand breaks (DSBs) driven 
by BRD4, itself may mediate the formation of oncogenic gene rearrangements by engaging 
the NHEJ pathway [22]. BRD4 belongs to the bromodomain and extra-terminal (BET) family 
of chromatin reader proteins that bind acetylated histones. These findings further outline 
importance of de novo alterations occurring synchronously are important for carcinogenesis 
together with error-prone intrinsic DNA repair mechanisms. 


Again, the deletion of 16q23-q24 which is one of the most frequent genetic aberrations is 
associated with poor prognostic factors like advanced tumor stage, high Gleason grade, 
accelerated cell proliferation lymph node metastases and positive surgical margin [7, 23, 24]. 
Having ERG fusions were associated with higher incidence of 16q deletions [7, 23, 24]. Also, 
deletion of chromosome 13q occurs up to 50% of prostate cancer and its importance lies in 
the fact that this region contains RB transcriptional corepressor 1 gene which an important 
negative regulator of the cell cycle and the first tumor suppressor gene found [25, 26]. As 
well, deletion of three loci between 13q14.2 and 13q14.3 is associated with early biochemical 
relapse [27]. 
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Other than structural chromosomal aberrations like aneuploidy, translocation, etc. epigenetics 
is another issue considered in carcinogenesis. The term “field cancerization” which had been 
suggested for head and neck cancers for the first time, refers to multifocal presence of genetic 
aberrations necessary for malignant transformation in a given tissue [28]. 


This term is also valid for prostate cancer, as cancerous tissues are multifocal with varying 
Gleason scores and preneoplastic tissues like high grade prostatic intraepithelial neoplasia 
(HGPIN) are detected closer to cancerous tissues [29]. This is further confirmed by methyla- 
tion studies [30-35]. In a study comparing methylation status of GSTP1, MGMT, p14/ARF, 
p16/CDKN2A, RASSF1A, APC, TIMP3, S100A2 and CRBP1 genes among prostate cancer, 
HGPIN and BPH tissues, methylation was increased significantly from BPH to HGPIN and 
to prostate cancer [30]. Quantitative methylation specific PCR study of radical prostatectomy 
specimens, methylation of some genes like APC, RARb2 and RASSF1A were continuous in 
the histopathologically normal tissue around the cancerous tissue, forming a methylation 
halo up to 3 mm [31]. Another study including microarray study of methylation of large num- 
bers of genes, the length of the halo was detected to be up to 10 mm [32]. 


3. Microenvironment 


Prostatic stromal microenvironment is important for normal organogenesis as well as sup- 
porting carcinogenesis and the survival of the cancer cells [36, 37]. However, the exact path- 
ways and stroma-tumoral interactions are poorly understood and still needed to be further 
clarified. 


Cultured fibroblasts from regions close to prostate cancer cells were shown to induce tumor 
progression of initiated nontumorigenic epithelial cells both in an in vivo tissue recombi- 
nation system and in an in vitro coculture system [38, 39]. Prostatic carcinoma-associated 
fibroblasts secrete SDF-1 which activates Akt pathway in the via the TGF-beta-regulated 
CXCR&4 [40]. That is, TGF-beta promotes tumor formation although it has primarily growth- 
inhibitory action [40]. Marked reactive stroma is associated with poor prognosis in clinically 
localized prostate cancer and microarray gene expression analysis detected higher expression 
of 544 genes and lower expression of 606 genes in the reactive stroma, all of which have vari- 
ous functions like neurogenesis, axon genesis and DNA damage repair pathways [41]. In a 
recent study evaluating the nuclear and mitochondrial DNA integrity of prostate cancer cells, 
prostate cancer-associated stroma detected copy-neutral diploid genome with only rare and 
small somatic copy-number aberrations in contrast to several small somatic copy-number 
aberrations in prostate cancer cells [42]. This indicates, that above-mentioned gene expression 
changes in prostate cancer-adjacent stroma seem to be not related to frequent or recurrent 
genomic alterations in the tumor microenvironment [42]. 


Also, metabolic status of the prostatic stromal microenvironment has been suggested to influ- 
ence the tumorigenic potential of the tumor epithelial compartment [43]. As well, it has been 
shown that the loss of the signaling adapter, p62, in stromal cells triggered an inflammatory 
response, activating cancer-associated fibroblasts which promotes tumor formation in vitro 
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and in vivo. Loss of p62 resulted in lower mTORC1 activity and deregulation of metabolic 
pathways related to the inflammation [44]. 


One interesting study, chronic bacterial inflammation with inoculated Escherichia coli bacte- 
ria induced focal prostatic glandular atypia/ prostatic intraepithelial neoplasia in male C3H/ 
HeOuJ mice, suggesting a link between inflammation and prostatic neoplasia [45]. 


4. Sustaining proliferative signaling 


To keep normal tissue architecture and function normal cells need to control proliferative 
signaling. However, in cancer cells, proliferative signaling is sustained to keep their growth. 
This is accomplished by either increased paracrine stimulation or excessive response to hor- 
mones by altered receptor matching or deregulated pathways. Insulin has been shown to 
activate insulin activated the insulin receptor (INSR) in case of inhibition of the IGF1 recep- 
tor (IGF1R) [46]. Mitochondrial redox signaling by p66Shc-ROS pathway has been shown to 
promote androgen-induced prostate cancer cell proliferation. As well, dihydrotestosterone 
was shown to increase the translocation of p66Shc into mitochondria and its interaction with 
cytochrome c [47]. The phosphatidylinositol 3'-kinase (PI3K) pathway has been suggested 
to be a dominant growth factor-activated cell survival pathway in prostate carcinoma cells. 
Apoptosis induced by PI3K inhibition has been shown to be reduced by either dihydrotestos- 
terone or ErbB1 activating ligands which are epidermal growth factor, transforming growth 
factor alpha, and heparin-binding EGF-like growth factor [48]. Smad1 acts as a substrate for 
MAPKs and plays a central role in transmitting signals from the pathways of bone morphoge- 
netic proteins. Deregulation of the pathways of bone morphogenetic proteins and activation 
of the ERK/MAP kinase (MAPK) pathway by growth factors was suggested to promote the 
development and progression of prostate cancer [49]. 


5. Evading growth suppressors and resisting cell death 


In general sense, cancer cells need to gain new capabilities to suppress or bypass cell cycle check- 
points that negatively regulate the cell proliferation and promote apoptosis. Chromosome 17p 
includes an important gene, TP53 which encodes a tumor suppressor protein, p53, containing 
transcriptional activation, DNA binding, and oligomerization domains and it functions in 
cellular stresses to induce cell cycle arrest, apoptosis, senescence, DNA repair, or changes in 
metabolism. Deletion of chromosome 17p occurs mainly in advanced stages of prostate cancer 
and metastatic prostate cancer rather that early invasive prostate cancer [50-52]. BCL2 gene 
located in 18q21.33, encodes an integral outer mitochondrial membrane protein which blocks 
apoptosis. Its overexpression occurs in advanced, hormone-refractory disease [53]. 


Functional loss of CDKN1B which maps to 12p13.1 is prevalent in prostate cancer [54]. It inhib- 
its cyclin-dependent kinase (CDK), sharing similarity with another inhibitor CDKN1A/p21. 
The encoded protein prevents the activation of cyclin E-CDK2 or cyclin D-CDK4 complexes, 
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in this way it controls the cell cycle progression at G1 stage. It is degraded through CDK 
dependent phosphorylation and subsequent ubiquitination by SCF complexes, permitting 
cellular transition from quiescence to the proliferative state. Its inactivation in prostate cancer 
is done by expression loss or increased degradation by abnormal phosphorylation and ubiq- 
uitinylating, rather than being mutated [55, 56]. 


Cyclin dependent kinase inhibitor 2A (CDKN2A) located in 9p21.3 encodes three alternatively 
spliced variants two of which encode structurally related isoforms functioning as inhibitors of 
CDK¢4 kinase and one variant functioning as stabilizer of the tumor suppressor protein p53. 
It is also rarely mutated in early prostate cancer, mainly mutated in advanced disease [57]. 


6. Enabling replicative immortality 


Telomeres are located at the ends of eukaryotic linear chromosomes to protect chromosomes 
from end-to-end fusions and protect against the loss of terminal DNA during cell division [58]. 
Telomerase which is a ribonucleoprotein polymerase, maintains telomere length dur- 
ing cell divisions by addition of the telomere repeat TTAGGG [59]. Therefore, telomerase 
is also important for the maintenance of chromosomal stability and cellular immortality. 
The enzyme consists of a protein component with reverse transcriptase activity, telomerase 
reverse transcriptase (TERT) for adding telomeric DNA repeats onto chromosome ends and 
an RNA component (TERC) for adding telomeric DNA repeats onto chromosome ends [60, 61] 
Telomerase activity was detected in prostate cancer and high-grade prostatic intraepithelial 
neoplasia [62, 63]. Both TERT and TERC activities are important in telomere maintenance. 
Knockdown of TERC by siRNA has been shown to reduce proliferation of prostate cancer 
cells and increased TERC expression which is regulated by MYC, was detected in prostate 
cancer [64]. In benign prostatic hyperplasia, PIN and prostate cancer, high levels of telomere 
dysfunction were detected, and it was suggested that telomere dysfunction may play a role in 
carcinogenesis through genomic instability [65]. 


7. Inducing angiogenesis 


As in any kind of tumoral tissue, tissue needs more blood supply as it grows uncontrolled. 
Therefore, cancer cells need to regulate pathways to induce angiogenesis. In prostate can- 
cer related angiogenesis, ps20 which is a TGF-betal-induced regulator of angiogenesis, has 
been suggested to promote endothelial cell migration and/or pericyte stabilization of newly 
formed vascular structures [66]. As well, stromal expression of connective tissue growth factor 
also promotes angiogenesis and therefore prostate cancer progression. Expression of CTGF 
in tumor-reactive stroma has been shown to induce increased micro-vessel density. CTGF 
which is also a downstream mediator of TGF-betal seem to be another important regulator of 
angiogenesis in the tumor-reactive stromal microenvironment [67]. 
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8. Activating invasion and metastasis 


Epithelial cancers progress to higher pathological grades of malignancy carcinomas and 
become locally invasive and metastatic to distant locations. This is termed as epithelial to 
mesenchymal cell transition during which the, the associated cancer cells alter their shape, 
their attachment to other cells and the extracellular matrix. 


Abnormal increased expression of the mitochondrial ribosomal protein 518-2 has been shown 
to induce epithelial to mesenchymal cell transition in prostate cancer through the TWIST2/ 
E-cadherin signaling and induce CXCR4-mediated migration of prostate cancer cells [68]. 
MiRNALet-7a has been shown to induce invasion of prostate cancer cells and induce migra- 
tion by stimulating epithelial-mesenchymal transition through CCR7/MAPK pathway [69]. 
Interestingly, inactivation of the androgen receptor resulted in lower expression of a tran- 
scriptional repressor (SAM pointed domain-containing ETS transcription factor, SPDEF) of 
CCL2, which mediates epithelial to mesenchymal cell transition of the prostate cancer cells. 
That may explain progression to metastatic stage in a subset of castration resistant prostate 
cancer [70]. 


9. Reprogramming of energy metabolism 


It has been shown that energy metabolism of early prostate cancers mainly depends on lipids 
and other energetic molecules for energy production and not on aerobic respiration or aerobic 
glycolysis (Warburg effect) [71]. Initially defined by Otto Warburg, the Warburg effect defines 
increased rate of glucose uptake, lactate production in proliferating cells in the presence of 
oxygen and fully functioning mitochondria [72]. The Warburg effect is the first defined energy 
metabolism of cancer cells energy [72]. However, in prostate cancer that is not the matter, as 
prostate cancer cells do not have increased glucose uptake except advanced stage disease [73]. 


In the advanced stages, reduced mtDNA content is a critical step in the metabolism restruc- 
turing for cancer cell progression. As, MtDNA depleted prostate cancer cells exhibit Warburg 
effect [74]. Reduced microRNA-132 (miR-132) expression was suggested to cause metabolic 
switch in prostate cancer cells by inhibiting Glut1 expression which results increased rate of 
lactate formation, cellular glucose uptake and the rapid growth of the cancer cells [75]. 


10. Evading immune destruction 


The immune system acts a barrier to tumor formation and progression. The role of immune 
system is clear when increased malignancies in transplant patients is considered. In patients 
with renal transplants, genitourinary malignancies are the third most common malignancy 
after skin malignancies and lymphoproliferative disorders [76-78]. 
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Cancer cell transfer extracellular vesicle-mediated estrogen receptor-binding fragment- 
associated antigen 9 (EBAG9) to their microenvironment promoting self-immune escape 
and further progression. EBAG9 suppresses T-cell infiltration into tumor in vivo and limits 
T-cell cytotoxicity [79]. Interestingly, the adaptive immune system was suggested to promote 
de novo prostate carcinogenesis in a human c-Myc transgenic mouse model [80]. Recently, 
tumoral exosome-immune cell cross-talk has been suggested [81]. Prostate-cancer-derived 
exosomal prostaglandin E2 (PGE2) was suggested to result impaired CD8+ T cell response 
immunosuppression via exosomal regulation of dendritic cell function [81]. Exosomal PGE2 
triggered potently the expression of CD73, an ecto-5-nucleotidase responsible for AMP to 
adenosine hydrolysis, on dendritic cells. CD73 induction of dendritic cell resulted in an ATP- 
dependent inhibition of TNFa- and IL-12-production [81]. 


11. Conclusions 


Above briefly mentioned properties of prostate cancer cells and related genes, genetic path- 
ways and their interactions have still no specific clinical use in prostate cancer management. 


Yet, we are too far to understand the exact genetic mechanisms underlying prostate carcino- 
genesis. But, it is sure that as we progress in further researches we will be more surprised to 
find out unknown interactions of supposed to be well known genetic mechanism. 
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Detection of Prostate Cancer 


Alireza Ziaei 


Abstract 


Prostate cancer (PCa) is the most frequently diagnosed non-cutaneous male malignancy 
and one of the leading causes of cancer-related mortality in the United States. Biologic 
heterogeneity of PCa results is different presentations ranging from indolent to highly 
aggressive tumors with high morbidity and mortality. Due to this broad range of clini- 
cal behavior, it is required to differentiate clinically significant PCa (csPCa) tumors and 
reduce detection of indolent cancers. PCa is generally diagnosed with non-targeted sys- 
tematic trans-rectal ultrasound (TRUS)-guided biopsy in patients with elevated prostate 
serum antigen (PSA) or abnormal digital rectal examination (DRE). Non-targeted sys- 
tematic TRUS as the typical imaging modality for assessing the prostate, samples only a 
small part of the gland with a high possibly that the biopsy results may not catch the most 
aggressive tumor in the gland accurately. Multi-parametric (MP) magnetic resonance 
imaging (MRI), as the most specific and sensitive imaging modality in PCa management, 
has been reported to be the reference standard for prostate imaging endorsed. However, 
there are a variety of interpretive pitfalls, which have been reported to be encountered at 
mpMRI of the prostate. The purpose of this chapter is to provide a summary of the cur- 
rent advances in accurate detection of PCa. 


Keywords: prostate cancer (PCa), prostate specific antigen, digital rectal exam, trans-rectal 
ultrasound guided biopsy (TRUSgBX), Gleason scores, multi-parametric (MP) magnetic 
resonance imaging (MRI) 


1. Introduction 


Prostate cancer (PCa) is the most frequently diagnosed non-cutaneous male malignancy and 
one of the leading causes of cancer-related mortality in the United States [1-3]. PCa is a disease 
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of increasing significance in the world. Even though PCa may be less common in many devel- 
oping countries, but its incidence and mortality rate has been raised [4]. The incidence of PCa 
influenced by the diagnostic efforts and the mortalities reported for any specific geographic 
region depending on the reliability of cancer detected [5]. The range of the five-year survival 
rate varies from 29% in patients with metastatic PCa to 100% in patients with localized disease 
[6, 7]. Biologic heterogeneity of PCa results is different presentations ranging from indolent 
to highly aggressive tumors with high morbidity and mortality [8] that affects the therapy, 
response, and prognosis of patients with PCa. Due to this broad range of clinical behavior, 
it is required to differentiate clinically significant prostate cancers (csPCa) tumors, defined 
as presence of Gleason pattern >4 and/or tumor volume > 0.5 ccs, and reduce detection of 
indolent cancers [9], since candidates for therapy from clinically insignificant tumors that can 
undergo active surveillance without any harm. Traditional treatment of PCa varies from radi- 
cal prostatectomy (RP) or radiotherapy (RT) to watchful waiting [10, 11]. When prostate spe- 
cific antigen (PSA) tests became beneficial for PCa screening, the United States gained a huge 
increase in the incidence of the disease [12]. Several years ago, many PCa were detected dur- 
ing the pathological exam of specimens from trans-urethral prostatectomies. These patients 
underwent surgery for benign prostatic hyperplasia (BPH), but up to 25% were found to have 
malignancy [13, 14]. However, the frequency of detecting such incidental cancers has gone 
down since PSA came into existence, as most of the men undergoing surgery for BPH have 
their PSA tested. 


PCa is generally diagnosed with non-targeted systematic trans-rectal ultrasound (TRUS)- 
guided biopsy in patients with elevated PSA or abnormal digital rectal examination (DRE). 


2. Prostate cancer diagnosis 


2.1. Prostate specific antigen (PSA) 


PSA is a natural enzyme that is produced entirely by the prostatic epithelial cells and is used 
as a marker for PCa. However, PSA is not cancer-specific as BPH, prostatitis and other urinary 
symptoms may elevate PSA levels. There is no absolute PSA level which indicates PCa and 
there is no PSA level below, which a man is assured not to have PCa, although higher PSA 
is associated with risk of PCa [15]. Traditionally, a level > 4 ng/ml has been well-known as 
suspicious of PCa that indicated the need for biopsies. However, at this level, only about 30% 
of men with elevated levels will have PCA and normal levels may falsely exclude the presence 
of PCa, suggesting that PSA should not be used to exclude or diagnose PCa [16-20]. 


2.2. Digital rectal exam (DRE) 


DRE is an essential part of the clinical exam of the patient when a tumor is palpable. Over 
70% of lesions are located in the peripheral zone (PZ) and are palpable when they are bigger 
than a certain size [21]. Twenty-five percent of the tumors are located in the transitional zone 
(TZ) and cannot be reachable by DRE because of their location. Other than that as PCa is now 
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detected at smaller tumor volumes and earlier stages, the number of palpable tumors is sig- 
nificantly reduced. This decreases sensitivity and specificity of the DRE [22-25]. Suspicious 
outcomes at DRE are an indicator of more aggressive PCa [26, 27] and trigger the need for 
prostate biopsies [27]. 


2.3. TRUS and TRUS guided biopsy (TRUSgBX) 


TRUS is the typical imaging modality for assessing the prostate. Histological examination 
of 10-12 TRUSgBX cores from standard zones in the prostate is a gold standard for diagno- 
sis of PCa [28]. Prostate biopsies have played a role from pure cancer detection to clinical 
management in the past several years. TRUS is typically the best way for measuring the 
volume of the prostate gland as well as guiding the biopsy needle; however, it lacks in both 
specificity and sensitivity for detection of PCa [28, 29]. Most of the lesions appear hypo- 
echoic compared to the normal PZ; but some lesions are barely visible since about half of 
the cancer lesions are iso-echoic [29, 30] and cannot be detected. In addition, evaluation of 
the TZ on TRUS is limited because of the heterogeneity in the appearance caused by BPH 
making it difficult to detect especially the tumors located anteriorly. Thus, there is a con- 
siderable risk that a tumor is either being missed or the aggressive part of the tumor is not 
picked by the systematic biopsies. This may result in either repeated biopsies or incorrect 
Gleason score (GS). 


TRUS guided prostate biopsy samples only a small part of the gland with a high possibility 
that the biopsy results may not catch the most aggressive tumor in the gland accurately [31, 32]. 
Non-targeted TRUSgBX usually takes 6-12 core biopsies of the PZ, which harbors about 70% 
of PCa [33]. The limitations of non-targeted TRUSgBX are well discussed in the recent year 
studies [34] with over 20% of false negative rate [35-37]. Also, non-targeted TRUSgBX may 
not provide accurate information about the volume and aggressiveness of PCa. It’s been 
reported in some recent studies that after RP, 30-45% of the patients are upstaged from their 
initial diagnosis at TRUSgBX [38]. The anterior gland, TZ, and apex of the gland, which are 
recognized as areas with high possibilities of containing csPCa, are known to be under/not- 
sampled at standard TRUSgBX [39]. Since treatment protocol is completely based on risk 
stratification and depend on accurate GS, these limitations are very critical. It also leads to over- 
diagnosis of indolent PCa, which provides no benefit to the patients, and under-diagnoses 
of clinically significant tumors, which potentially harms patients. It has been reported that 
approximately 60% of patients with a diagnosis of indolent tumor choose aggressive treat- 
ment options such as RP, leading to numerous complications [40, 41]. The biopsies can also 
result in complications including bleeding and infections [42, 43]. Endoscopic ultrasound- 
guided fine needle aspiration (EUS-FNA) biopsy requires sedation and is associated with sig- 
nificant risks of complications such as pancreatitis, bowel perforation, and aspiration, which 
can be fatal [44]. In addition, confounding issue with needle biopsy is that most of the tumor 
mass is made up of stromal cells, not the epithelial cancer cells. Despite being the gold stan- 
dard, EUS-FNA only has a sensitivity of 75-94% and a specificity of 78-95% [45]. The current 
diagnostic paradigm for PCa diagnosis has low diagnostic accuracy when they are associated 
with significant risk and cost [46]. 
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3. Gleason scores (GS) for grading PCa 


The histopathological aggressiveness of PCa is graded by the GS [47, 48]. The cancer tissue 
is graded on a scale from 1 to 5 based on the appearance of the cancerous cells and histo- 
pathological arrangement. This discrepancy between cancer and normal tissue reflects the 
aggressiveness of cancer. Since more than one class of Gleason grade is usually present in the 
biopsy tissue, a combination GS (ranging from 2 to 10) combining the dominant and the high- 
est grade is assigned. The GS is intensely correlated to the clinical characteristics of the tumor 
and is a potent prognostic factor for treatment response. High GS indicates increased tumor 
aggressiveness and increased risk of tumor spread with a worse prognosis [49-52]. Hence, 
it has been suggested to divide the GS into risk groups based on the risk of metastasis and 
progression [53]. The risk assessment of a patient with diagnosed PCa and the treatment plan 
is highly based on the GS from TRUSgBX, which can be inaccurate because of sampling error, 
considering that the GS is upgraded in about 30% of the patient after RP [54]. Incorrect biopsy 
reported GS can result in incorrect risk stratification and possible under or over-treatment. 
The change of the reported GS during the past years with broadening of the Gleason grade 4 
criteria [55] to improve the correlation between biopsy and RP GSs has resulted in a signifi- 
cant upgrade of tumor GS and made it difficult to compare pathological data over time. GS, 
as one of the best indicators of PCa, is a strong determinant of treatment selection. RP GS is an 
established prognostic indicator for recurrence of the disease. Therefore, accurate prediction 
of the final RP GS is critical. Clinical staging of PCa is based on the TNM classification [55, 56]. 


4. Magnetic resonance imaging (MRI) of the prostate 


MRI of the prostate is performed on 1.5-3.0 Tesla MRI scanners combined with a pelvic 
phased-array coil placed over the pelvis with or without an endorectal coil (ERC) depend- 
ing on the clinical situation. ERC, which is placed in the rectum just posterior to the prostate 
gland, reduces motion artifacts, and enhances image quality; but it has some disadvantages 
including increased scan time, increased costs, and reduced patient compliance because of 
the location of the coil in the rectum. The majority of prostatic MRI examinations can be 
performed with acceptable image quality without an ERC because of the increased spatial 
resolution (the ability to separate two dense structures from each other) and the increased 
signal-to-noise ratio on 3.0 T MRI. However, several studies reported improved image quality 
and diagnostic performance with an ERC [57, 58]. The European society of urogenital radiol- 
ogy’s (ESUR) MR prostate guidelines states that the use of an ERC is optional for detection 
and preferable for staging at 3.0 T MRI [59]. 


4.1. Multi-parametric MRI (mpMRI) 


Multi-parametric (MP) MRI, as the most specific and sensitive imaging modality in PCa man- 
agement, has been reported to be the reference standard for prostate imaging endorsed [60, 61]. 
While TRUSgBX evaluates a limited piece of the prostate gland, magnetic resonance (MR) 
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images provide detailed information about the whole prostate gland and potentially may 
be more accurate than random TRUSgBX [62]. The development of mp-MRI provides new 
possibilities in detection, characterization of the lesson and staging of PCa due to its high 
resolution and soft-tissue contrast [62]. Recently published data [62-67] indicates the rap- 
idly growing use of mpMRI as the most specific and sensitive diagnostic imaging modal- 
ity for PCa management. MpMRI provides detailed information about the morphological, 
metabolic, and cellular changes in the prostate as well as characterize tissue vascularity and 
correlate it to tumor aggressiveness [68, 69]. MP MRI sequences include high-resolution ana- 
tomical T2-weighted (T2W) and T1-weighted (T1W) images in combination with one or more 
functional MRI techniques such as diffusion-weighted imaging (DWI) and dynamic contrast- 
enhanced (DCE) imaging [63]. Two recently reported meta-analyses revealed that mpMRI 
has a high negative predictive value (NPV) for the detection of csPCa [70, 71], and it has been 
shown that mpMRI can estimate grade of PCa compared to histopathology results with a high 
degree of accuracy [72, 73]. Being noninvasive, a pathway with mpMRI as a predicting test in 
order to determine, which men with an elevated PSA undergo biopsy might reduce unneces- 
sary biopsies, which are the pitfalls of routine screening practice and improve detection and 
diagnostic accuracy. 


4.2. Multi-parametric MRI (mpMRI) pitfalls 


There are several interpretive pitfalls, which have been reported [74] to be encountered at 
mpMRI of the prostate: Normal anatomic structures can mimic anterior and TZ located 
lesions; post-biopsy hemorrhage can mimic PZ PCa on T2W MRI; BPH resembles TZ PCa; 
acute and chronic prostatitis mimics PCa; ductal variant adenocarcinoma may be occult on 
T2W MRI. Moreover, technical pitfalls may be encountered at MP-MRI of the prostate: T2W 
motion correction with radial acquisition obscures some PCa; visual/quantitative analysis of 
DWI for tumor detection/grading is complex; DCE lacks standardization and is limited in the 
TZ; targeted biopsy of MR-detected lesions using TRUS-guidance is challenging. A failure 
to recognize and correct these types of errors may result in suboptimal care. False positive 
diagnoses of areas of potential cancers at mpMRI generate clinical uncertainty and often lead 
to multiple pointless biopsies or in certain cases surgical management of low-grade disease. 
Failure to recognize clinically significant cancers in males could result in suboptimal patient 
outcomes [74]. 


4.3. Accuracy of mpMRI 


A study by Borofsky et al. [75] showed that of the 162 lesions, 136 (84%) were correctly identi- 
fied with mpMRI and 16% were missed. In their study, among the lesions missed at mpMRI, 
GS was 3 + 4 in 17 (65%), 4 + 3 in one (4%), 4 + 4 in seven (27%), and 4 + 5 in one (4%). They 
reported that mpMRI has excellent sensitivity in the detection of PCa on an overall patient 
basis; however, a substantial number of cancers are missed either because lesions are not 
apparent or because they are too subtle for detection. Of those missed lesions, 58% were not 
visualized or were characterized as benign findings even at the second-look evaluation. They 
conclude that clinically important lesions can be missed, or their size can be underestimated 
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at mpMRI [75]. Some previous studies also showed that in some cases tumors were invisible 
including lesions with pathologic GS greater than 3 + 4 and pathologic volume of more than 
0.5 mL [75, 76]. The subset of missed lesions that could not be seen despite focused search on 
second look suggests that truly invisible lesions do exist. 


A recent meta-analysis of seven studies including 526 patients showed a pooled sensitivity of 
74% for mpMRI in the detection of clinically important cancers [77]. When compared with the 
current paradigm of PSA measurement and TRUSgBxX, the introduction of mpMRI is clearly 
an improvement. It has recently been demonstrated in a prior cohort study by Ahmed et al. 
[78], that using mpMRI, allows 27% of patients to avoid a primary biopsy and diagnosis of 
5% fewer clinically non-csPCa; and if subsequent TRUSgBX were directed by mpMRI find- 
ings, more cases of csPCa might be detected compare to the standard pathway of TRUSgBX 
for all [78]. This approach could potentially save a quarter of the population from the cost and 
complications of TRUSgBX. Rosenkrantz et al. [79] showed that mpMRI had a sensitivity of 
76% when compared with matched pathology specimens. Similar studies by Le et al. [80] and 
Russo et al. [81] using pathology results as the reference standard showed 80-90% sensitivity. 
However, they found that 30% of tumors with a GS > 7 and larger than 1.0 cm were missed at 
MR imaging [80]. De Visschere et al. [82] reported that the majority of missed lesions were low 
grade and confined to the organ. A retrospective review of mpMRI in patients with missed 
lesions in their study revealed that the majority of missed lesions had a lower score, and PCa 
was multifocal in these patients. A paired analysis in patients in whom prospective read- 
ing missed lesions revealed that missed lesions were two to three times smaller in volume 
(0.86 mL vs. 2.13 mL, P = 0.001), which can be possibly explained by limitations associated 
with spatial resolution of MR imaging. [75, 82] 


5. Conclusion 


In conclusion, mpMRI has become an important factor for patients being enrolled in 
active surveillance protocols for the management of low-grade PCa. mpMRI is a proven 
imaging modality that can accurately detect csPCa. Several pitfalls, both interpretive and 
technical, may be encountered at mpMRI of the prostate, and a failure to recognize these 
pitfalls can lead to suboptimal patient care. Targeted biopsies of mpMRI detected lesions 
pose a challenge in clinical practice. The limitations of TRUSgBX should be acknowledged 
in order to improve the diagnostic accuracy of targeted biopsies and finally a detailed 
understanding of these mpMRI pitfalls is critical for the MR practitioner involved in the 
management of PCa. 
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Chapter 3 


Advanced Radiation Treatment Planning of Prostate 
Cancer 


Bora Tas 


Abstract 


External beam radiotherapy has been playing a major role in the treatment of prostate 
cancer with excellent tumor control. Also, localization of prostate is a big challenge for 
excellent treatment, so we focus on actual IGRT techniques (ultrasound, EMF, etc.) for 
intrafraction and interfraction motion detection. We investigate several studies related 
with dose distribution of treatment planning techniques. Several studies have demon- 
strated the superiority of volumetric modulated arc therapy (VMAT) plans in prostate 
cancer. We also investigate hypofractionation and stereotactic radiation outcome instead 
of conventional fractionation for prostate cancer. We mention about prostate cancer’s 
treatment in future by using MR-based linac online adaptive radiotherapy. 


Keywords: VMAT, IMRT, IGRT, prostate cancer 


1. Introduction 


Prostate cancer is one of the most common cancers in the world, and the population of patients 
with intermediate-to-high-risk localized prostate cancer occupies a large proportion. Most 
prostate cancers are diagnosed at an early stage, allowing for the high rate of success with local- 
ized treatment. Between 30 and 45% of men receive radiation as their primary treatment for 
prostate cancer depending on their age [1, 2]. External beam radiotherapy (EBRT) and brachy- 
therapy can be used for the treatment of prostate cancer. The differences and roles of these two 
techniques rely on the physical properties of the radiation and its delivery method. The goal of 
radiotherapy treatment is to deliver a powerful dose of radiation that will kill the cancer but to 
do it as precisely as possible so that we cause minimal damage to the healthy tissue such as the 
urethra, rectum, bladder, and bowel around it. External beam radiotherapy is used as a curative 
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treatment in men with localized prostate cancer (stage T1 or T2) or with locally advanced 
disease. External beam radiotherapy can also be very helpful to men with advanced prostate 
cancer. It can ease pain in the bones and reduce the likelihood of having a fracture. Three- 
dimensional conformal radiotherapy (3DCRT), intensity-modulated radiotherapy (IMRT), and 
volumetric modulated arc therapy (VMAT) techniques are all applied for this purpose. 


2. Treatment planning and image-guided radiotherapy (IGRT) 
methods 


The prostate and seminal vesicles are located between the rectum and the bladder. The 
position of the prostate is affected by physiologic changes in the bladder and rectum vol- 
ume. These variations in position and shape can be left unchanged and compensated with 
margins or reduced by image guidance resulting in smaller irradiated volumes. Smaller 
margins reduce the dose to the organs at risk; therefore, effort has been directed at reducing 
uncertainties with the use of image guidance. Radiation oncology has seen a rapid increase 
in the use of image-guided radiotherapy (IGRT) technology for prostate cancer patients. 
Conformal high-dose radiotherapy delivered with conventional fractionation results in a 
significant biochemical control with acceptable toxicities and currently represents the stan- 
dard therapy when radiotherapy is chosen as primary treatment. 


2.1. Three-dimensional conformal radiotherapy (3DCRT) technique 


3DCRT uses computed tomography (CT) scanning to plot exact anatomy and to come up 
with the optimal radiation dosages. 3DCRT can accurately use a patient’s unique anatomy to 
deliver radiation exactly where the patient needs it, while avoiding the bladder, rectum, ure- 
thra, and bowel. Conventional 3DCRT treatment planning is manually optimized. This means 
that the treatment planner chooses all beam parameters, such as the number of beams, beam 
directions, multileaf collimators (MLCs), shapes, weights, etc., and the computer calculates 
the resulting dose distribution. 3DCRT in prostate cancer patients is a highly sophisticated 
and time-consuming method of dose delivery. 


2.2. Intensity-modulated radiotherapy (IMRT) technique 


In the treatment of prostate cancer, IMRT was introduced in the early 1990s at a number of cen- 
ters. After advance IGRT methods were implemented to clinic, IMRT technique started to be 
more popular. IMRT, like 3DCRT, uses high-tech computer software and relies on more than 
100 digital CT scans to build a three-dimensional picture of the prostate tumor and organs at 
risks (OARs), but it can supply even more conformal dose distribution than 3DCRT. We can 
modulate the intensity of each beam during treatment with a MLC. In the case of IMRT, dose 
distribution is inversely determined, meaning that the treatment planner has to decide before 
the dose distribution he wants and the computer then calculates a group of beam intensities 
that will be produced, as nearly as possible to the desired dose distribution. We can maximize 
the dose of radiation to the tumor volume and minimize the dose that affects the healthy tissue 
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nearby. With the largest experience being detailed at the Memorial Sloan Kettering Cancer 
Center. Zelefsky et al. [3] reported on the treatment of 1571 patients with IMRT at doses as 
high as 81 Gy, with rates of gastrointestinal (GI) and genitourinary (GU) toxicity less than 
those reported from their institution for 3DCRT at similar or lower doses. Likewise, Kupelian 
et al. [4] reported results on a large study involving 770 patients treated at the Cleveland Clinic 
with intensity-modulated techniques at biologically effective doses comparable with those at 
the Memorial Sloan Kettering Cancer Center and with similar low rates of GI and GU toxicity. 
This means less collateral damage to noncancerous tissue that’s just minding its own business 
right next to the tumor in the bladder and rectum and fewer side effects. 


2.3. Volumetric modulated arc therapy (VMAT) technique 


Volumetric modulated arc therapy (VMAT) has attracted increasing attention because of 
its greatly improved delivery efficiency over fixed-field IMRT. Unlike IMRT, which typi- 
cally includes less than 10 fixed-field beam angles, VMAT includes a large number of beam 
directions from an arc trajectory and delivers doses dynamically during rotation of the 
gantry. 


VMAT is a novel radiation technique, which can achieve highly conformal dose distributions 
with improved target volume coverage and sparing of normal tissues compared with conven- 
tional radiotherapy techniques. VMAT also has the potential to offer additional advantages, 
such as reduced treatment delivery time compared with conventional static-field IMRT. The 
clinical worldwide use of VMAT is increasing significantly [5]. 


3DCRT was incapable of covering a modern radiotherapy volume for the radical treatment of 
prostate cancer. These volumes can be treated via conventional IMRT and VMAT. VMAT was 


Figure 1. Dose distribution of prostate cancer treatment planning by using VMAT technique. 
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significantly more efficient than IMRT. VMAT technologies are a superior way of delivering 
IMRT treatments [6]. VMAT treatment plan is shown in Figure 1. 


VMAT has slightly better CI, while the volume of low doses was higher. VMAT had lower 
MUs than IMRT. VMAT can shorten room times and improve patient throughput over seven- 
field DMLC IMRT. 


2.4. Image-guided radiotherapy (IGRT) methods 


Radiation oncology has seen a rapid increase in the use of image-guided radiotherapy (IGRT) 
technology for prostate cancer patients over the past decade. Prostate can move around in 
there by as much as a centimeter, depending on how full your bladder and rectum are. IGRT 
approach has a lot of flexibility, because the radiation oncologist uses CT scan images to point 
the exact location of the prostate each day. 


Perirectal sparing with placement biomaterials between the posterior prostate and the ante- 
rior rectum has shown promise in reducing the radiation dose received by the rectal wall 
when used in the setting of conventional fractionated radiotherapy [7, 8]. Perirectal sparing 
biomaterials may promote not only sparing of the rectum wall but also result in decreased 
dose to other organs at risk including the penile bulb and bladder (Figure 2). 


Linear accelerators equipped with kilovoltage (kV) cone-beam computed tomography (CBCT) 
allow for soft tissue registration immediately before treatment over the past decade [9]. Image 
guidance was either by implanted fiducials and daily kilovoltage imaging or with the use of 
cone-beam computed tomography (CBCT). IGRT is an excellent method for dose-escalated 
external beam radiotherapy in the treatment of localized prostate cancer in regard to GU and 
GI toxicity (Figure 3). 


It is well documented that the prostate bed is highly susceptible to inter-fraction motion lead- 
ing to larger treatment planning margins to account for daily treatment setup uncertainties 
when matching bony anatomy. Organ motion can be a significant barrier to delivering accu- 
rate external beam radiotherapy to the prostate. The use of fiducial markers in the prostate 
bed has significantly improved the accuracy of the treatment delivery. 


Figure 2. MR images of perirectal sparing with biomaterials and without it. 
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Figure 3. Fiducial markers image. 


With CBCT scan-based correction strategies, one should be able to overcome the limitations 
of marker-based strategies. Smitsmans et al. [10] developed an automatic, rigid, three-dimen- 
sional (3D) gray-value registration (3D-GR) method for fast prostate localization on CT scans. 
In a following study, they showed that the 3D-GR prostate localization also worked with 
CBCT scans and concluded that CBCT scans could be used for image-guided radiotherapy 
for prostate cancer [11]. Using the daily CBCT scans, we could compare today’s images with 
yesterday’s and tune the treatment accordingly. Many studies have been reported on image 
guidance strategies to correct for prostate motion with daily offline or online position verifi- 
cation of the prostate. Most of these reports used implanted fiducial markers in the prostate 
[12, 13]. Although fiducial marker-based correction strategies are already an important step 
forward, they have some shortcomings. The implantation of markers is an invasive proce- 
dure. Marker-based strategies correct for translations but tend to neglect rotations, which 
are known to be a large component of prostate motion [14]. Also, marker-based correction 
strategies do not take into account changes in position of the seminal vesicles or the effect of 
a changed anatomy on planning, especially relevant for IMRT. 


The Calypso® (Varian Medical Systems, Palo Alto, USA) system uses radio-frequency waves that 
allow very accurate alignment of the prostate before each treatment session and at all times dur- 
ing treatment delivery. The Calypso® system improves the ability to target radiation only to tumor 
volume, avoiding unnecessary radiation to healthy tissues such as the bladder and rectum. The 
Calypso localization and tracking system works with three Beacon® transponders, wireless elec- 
tromagnetic circuits about the size of a grain of rice, that are implanted in the prostate. It is shown 
in Figure 4. The Calypso” system works with the transponders to locate the tumor’s position, 
guide the therapist to set up the treatment continuously through radiotherapy, and tailor treat- 
ment delivery to trigger the beam on and off to ensure the tumor is accurately aligned throughout 
the treatment [15]. In addition, the data demonstrate that treatment with VMAT permits the use of 
advanced prostate tracking (Calypso®), resulting in similar treatment times as standard seven-field 
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Figure 4. A Beacon” transponder. 


dynamic multileaf collimator (DMLC) IMRT with conventional tracking [16]. Foster et al. [17] 
determined the differences between CBCT-Calypso® and kV imaging-Calypso® localizations are 
0.31 + 1.82, 0.00 + 1.00, and - 028 + 1.36 and 0.28 + 4.12, -0.28 + 3.22, and 0.16 + 1.61 mm, respec- 
tively, in the AP, SI, and RL directions during 160 and 100 fractions each These results show good 
localization agreement between radiographic technique and electromagnetic transponder tech- 
nique, indicating that each of the localization technique is suitable for prostate cancer. 


The functionality of RayPilot® (Micropos Medical, Sweden) is similar to a GPS by means that 
a target is localized with given coordinates. The system communicates with an implanted 
transmitter that is located in the ROI to be treated. The transmitter sends signals to a sensor 
plate 30 times per second, and the position is presented in the software. The system consists of 
the RayPilot® receiving system which is placed on any existing treatment couch, the RayPilot 
transmitter that is placed in the ROL, and the RayPilot® software. Initially, the system is used 
in treatment of prostate cancer as IGRT system [18]. 


Noninvasive 4D transperineal ultrasound (4D-TPUS) has been introduced in tracking 
intrafractional prostate motion in radiotherapy. Compared to other tracking methods, the 
ultrasound has its own advantage in precise identification of the soft tissue without inva- 
sive procedure or extra radiation dose. In addition, system supplies contouring tool for pros- 
tate and OAR volume while doing CT/ultrasound image fusion in the same patient position. 
Clarity® (Elekta AB, Stockholm, Sweden) 4D monitoring during prostate treatment offers 
live imaging of the target and surrounding anatomy. The target position is automatically 
calculated and compared to physician action thresholds to enable intrafraction motion 
management (Figure 5). 


Ultrasound provides real-time position data for the prostate that was used to gate the treat- 
ment. Ultrasound motion data provides margin guidelines for clinics without ultrasound 
that treat prostate SBRT with a rectal balloon, based on their expected treatment length and 
acceptable probability of prostate excursion beyond margins. Qi et al. [19] determined the 
median (5-95% percentile) of 221 intrafraction prostate motions in the L-/R+, S+/I-, and A+/P- 
were 0.1 mm (-1.13 to 1.64 mm), -0.1 mm (-1.89 to 1.90 mm), and — 0.3 mm (-2.88 to 1.25 mm) 
by using 4D-TPUS. There were 70/221 (32%) fractions with deviation exceeding 2 mm in any 
direction, with an average duration of 26% of treatment time, while there were 19/221 (8.6%) 
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Figure 6. 4D transperineal ultrasound scanning. 


fractions with deviation exceeding 3 mm in any direction with an average duration of 6.3% 
of treatment time. These data can help to understand the intrafraction motion of the prostate 
and may allow a reduction of treatment margin (Figure 6). 


2.5. Hypofractionation radiotherapy technique 


Many studies have shown a lower a/f value (1.4-3.1 Gy) for prostate cancer than most of 
other cancers. This indicates that prostate cancer would be more responsive to the size of frac- 
tional dose rather than the total dose. Due to this radiobiological feature, the hypothesis is 
that hypofractionation would yield non-inferior or even better local control than conventional 
fractionated radiotherapy without increasing the risk of treatment-related toxicities. A series 
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of equivalent hypofractionation regimens suitable for the IMRT simultaneous integrated boost 
(SIB) were obtained for high-risk prostate cancer. For example, the conventional treatment 
regimen of 42 x 1.8 Gy (EUD = 75.4 Gy) would be equivalent to a SIB regimen of 25 x 2.54 Gy. 
Compared to the conventional two-phase treatment, the proposed SIB technique offers potential 
advantages, including better sparing of critical structures, more efficient delivery, shorter treat- 
ment duration, and better biological effectiveness for high-risk prostate cancer treatment [20]. 


Hypofractionated image-guided radiotherapy with 15 fractions of 3.65 Gy/3 weeks is well tol- 
erated with a low rate of acute and late grade = 2 GI and GU toxicities. This schedule permits 
to obtain a high rate of survival and disease control with reduction of treatment time spent 
for treatment by patients [21]. Hypofractionated intensity-modulated radiotherapy of 45 Gy in 
nine consecutive fractions’ regime for mainly low-/intermediate-risk prostate cancer patients is 
favorable with low rates of late toxicity [22]. Hypofractionated radiotherapy with IMRT-IGRT as 
primary treatment for prostate cancer allows reduction in overall treatment time without com- 
promising outcomes. This Hypo-IMRT with IGRT schedule for prostate radiotherapy reduces 
treatment length by 2 weeks as compared to the other treatment regimens commonly used. 


Compared with conventional radiotherapy, hypofractionated radiotherapy has achieved 
similar clinical outcomes in patients with intermediate-to-high-risk localized PCa. Although 
hypofractionated radiotherapy has an increased incidence rate of acute gastrointestinal 
adverse events, the late gastrointestinal and genitourinary adverse events were similar in two 
groups and could be tolerable for the patients. 


2.6. Stereotactic body radiotherapy (SBRT) technique 


Stereotactic body radiotherapy (SBRT) is an established treatment technique for prostate 
cancer. High dose per fraction radiotherapy has theoretical advantages when treating “late 
responding tissue.” SBRT for high-risk prostate cancer (PCa) remains investigational not only 
due to concerns for potential toxicity when the treatment volumes extend beyond the prostate 
gland itself. Specifically, some investigators have reported high rates of toxicity when target- 
ing elective pelvic nodal irradiation volumes with SBRT techniques, but technical consider- 
ations may have influenced those results. SBRT regimes can be safely used to treat patients 
with high-risk PCa in a total of 5 treatment days. The addition of pelvic nodal radiation did 
not significantly increase acute or late genitourinary or gastrointestinal toxicity on either phy- 
sician- or patient-reported scales [23]. 


Dose escalation beyond currently standard SBRT regimens may further improve outcomes, 
particularly for bulkier tumors, but could be limited by organ dose constraints. However, 
selective dose escalation to identified regions of high tumor burden may offer a safer approach 
than uniform dose escalation, thereby maximizing therapeutic ratio. Therefore, this ongoing 
prospective study seeks to test the planning and delivery feasibilities and the tolerability of 
treating patients with a modest dose escalation to the entire prostate and a SIB to magnetic 
resonance (MR)-identified lesions (Figure 7). 


Chapet et al. [24] compared acute toxicities of moderate hypofractionation versus stereotac- 
tic radiation for prostate cancer. They determined that hypofractionation and SBRT are well 
tolerated in only two grade 3 acute GU toxicities and only one grade 3 GI toxicity. There is no 
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Figure 7. Prostate SBRT treatment by using 4D TPUS Clarity” IGRT system and versa HD” linear accelerator. 


difference in grade = 2 acute toxicities, the acute profile of tolerance appears to be the same 
between hypofractionation and SBRT for urinary toxicities, and acute GI toxicities seem to be 
well controlled by the spacer whatever fractionation is used. 


SBRT for prostate cancer has become increasingly popular, but the use of hypofraction- 
ation necessitates special consideration of the normal tissue tolerances of organs such as 
the urethra, bladder, and rectum. Tracking prostatic motion in real time provides more 
precise treatment by allowing a repositioning of the treatment couch if the fiducials move 
outside a threshold margin. Although soft tissue anatomy is not readily visualized in real 
time during treatment, fiducial marker position is used as a surrogate for target/organ-at- 
risk geometry. Because of the observed random distribution of motion, we hypothesize 
that CBCT’s performed before and after treatment may miss intrafraction movements that 
exceed the threshold margin. Due to intrafractional movement, positioning the patient 
exclusively based on the pretreatment CBCT scans is insufficient to ensure complete target 
coverage. Intrafractional on-demand imaging is required to ensure adequate coverage to 
the PTV. 


Robotic SBRT of soft tissue lesions using Cyberknife® (Accuray, Sunnyvale, USA) requires 
implantation of fiducial markers for targettracking by thestereoscopicKV X-rayimaging system. 
The spatial distribution of the fiducials must allow accurate calculation of 3D transformation 
that describes the position of the prostate within the reference frame of the planning CT scan. 
Poor fiducial placement limits accurate tracking. Creating fiducial implantation protocol 
could improve ability to accurately track prostate motion during treatment. In order to take 
into account intrafraction rotation, a minimal spacing of 1.8 cm must be achieved between 
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Figure 8. Depth dose curves of electron, photon, proton, and carbon beams. 


implanted markers. This is frequently accomplished with double-loaded needles with spacers 
present or rigidly attached to the markers. 


Advanced IGRT methods such as ultrasound, EMF, etc. with perirectal sparing biomaterials 
and/or fiducial markers can supply significantly advantage for accurate hypofractionation 
and SBRT treatment of prostate cancer. 


Protons have completely different dose distribution properties and have the potential to 
avoid most of the extra-target radiation that is inherent to photons. Unlike a photon, a proton 
is a heavy particle (roughly 1800 times the mass of an electron) with an elementary charge, 
which confers certain dosimetric advantages. Heavy particles, as opposed to photons, will 
stop within a target. This unique property allows protons to be targeted so that they have 
their most damaging effects in the tumor itself, with less radiation delivered in front of the 
target, and no dose delivered beyond it. This peak of energy delivery is commonly referred to 
as the Bragg peak. It is shown in Figure 8. The Bragg peak is very narrow and must be spread 
out using multiple proton energies to ensure that the peak encompasses the entire target. 


Proton beam therapy for prostate cancer has become a source of controversy in the urologic 
community, and the rapid dissemination and marketing of this technology have led to many 
patients inquiring about this therapy. Several groups [25-30] have investigated the dosimetric 
quality of proton therapy for prostate cancer. Rana et al. [31] determined the average differ- 
ence in the PTV doses between the VMAT and lateral two-field proton plans was within +1%. 
On average, the proton plans produced a lower mean dose to the rectum (18.2 Gy (relative 
biological effectiveness [RBE]) vs. 40.0 Gy) and bladder (15.8 Gy (RBE) vs. 30.1 Gy), whereas 
the mean dose to the femoral heads was lower in the VMAT plans (28.3 Gy (RBE) vs. 19.3 Gy). 


Magnetic resonance images (MRI) demonstrate superior soft tissue contrast such as the pros- 
tate, rectum, bladder, etc. than CT scans. MR based-linac offers a clinically proven on-table 
MRI-guided online adaptive, automated and integrated treatment planning system that uses 
a linac to deliver modulated radiotherapy. Magnetic resonance radiotherapy (MR/RT) system 
is capable of delivering precisely targeted radiation doses while simultaneously captur- 
ing magnetic resonance (MR) images. We expect significantly decreased target margin and 
increased target dosage by using online adaptive MRI-based linac in the future (Figure 9). 
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Figure 9. MR-based linac Elekta Unity® and ViewRay® MRIdian. 
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Chapter 4 


Role of miR-2909 in Prostate Carcinogenesis 


Shiekh Gazalla Ayub 


Abstract 


The biggest challenge in prostate cancer treatment is to understand the signaling mecha- 
nisms controlling disease progression. In this context, microRNAs assume huge impor- 
tance and have recently become an attractive area of research. MicroRNAs are naturally 
occurring, single-stranded, small non-coding RNAs of 19-25 nucleotides that regulate 
gene expression. MicroRNAs function as oncogenes or tumor-suppressor genes, and 
their deregulation is a common feature of human cancers including prostate cancer. 
Among deregulated microRNAs in prostate cancer, some microRNAs are directly under 
androgen receptor signaling control and function as the effectors of androgen signaling. 
Recent findings have shown that apoptosis antagonizing transcription factor (AATF) gene 
encodes a microRNA designated as miR-2909 that plays an important role in prostate 
cancer progression. miR-2909 is identified as an androgen-regulated microRNA acting as 
a novel effector of androgen/androgen receptor signaling. It enhances the proliferation 
potential of prostate cancer cells and assists in prostate cancer survival under reduced 
androgen levels by maintaining a positive feedback loop with AR. miR-2909 exerts its 
oncogenic effects via multiple mechanisms including attenuation of tumor-suppressive 
effects of TGFB signaling by directly targeting TGFBR2 and via STAT1 pathway and 
upregulation of ISGylation pathway through SOCS3/STAT1 pathway. 


Keywords: prostate cancer, hormone-sensitive, castration-resistant, androgen receptor, 
TGFB, TGFBR2, ISG15, SOCS3, STAT1 


1. Introduction 


Cancer is one of the leading causes of deaths at the global level accounting for 8.2 million 
deaths in 2012 [1]. Among males, prostate gland is one of the five leading sites of cancer 
accounting for approximately 15% of cancers in men, and the incidence is expected to rise 
steeply by around 19% in the coming years [2, 3]. Prostate cancer (PCa) causes substantial 
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clinical, social and economical burden in both the developing and developed world. The pros- 
tate specific antigen (PSA), a protein mainly secreted by prostate cells, is a blood-based marker 
routinely used for early-stage PCa detection as well as to monitor recurrence of PCa after ini- 
tial treatment [4]. Even though PSA is a valuable tool, it lacks specificity and is therefore not 
considered an optimal biomarker [5]. Thus, additional novel biomarkers are needed which 
can help to predict the exact level of disease aggressiveness, assist in clinical decision about 
the choice of treatment and aid in establishing more persuasive treatment for the advanced 
PCa. Prostate tumors are reported to display novel recurrent chromosomal translocations and 
aberrant expressions of certain microRNAs (miRNAs) which can be helpful for elucidating 
PCa biology and explored for better disease management [6]. Identification of dysregulated 
genes or miRNAs in PCa cannot only be promising in terms of diagnostics and therapeutics 
but can provide clues relevant to disease etiology and progression. miRNAs are small non- 
coding RNAs that finely regulate gene expression in cells. Alterations in miRNA expression 
have been reported to be associated with PCa development and are currently being thor- 
oughly investigated as PCa biomarkers. Several miRNAs showing high expression levels in 
PCa tissues are reported as suitable diagnostic or prognostic markers [6]. Among deregulated 
miRNAs in PCa, some miRNAs are directly under androgen receptor (AR) signaling control 
and function as the effectors of androgen signaling [6]. Recent findings have shown apopto- 
sis antagonizing transcription factor (AATF) gene encodes a miRNA designated as miR-2909 
that plays an important role in immunity and cancer progression [7, 8]. AATF is known as 
co-activator of AR through its interaction via LXXLL motifs and therefore enhances the AR 
mediated transcription. AR signaling has a critical role in the development of normal prostate 
by triggering various events that promote epithelial cell growth, arrest and differentiation [9]. 
However, this pathway is modified/deregulated to promote cell survival and proliferation in 
PCa [10]. Keeping in view the critical role played by AR signaling in normal prostate and PCa 
development, human AATF genome, that holds AATF gene and its encoded miR-2909 within 
its fold, assumes huge importance. Exploring its role in PCa, miR-2909 was identified as an 
androgen-regulated miRNA acting as a novel mediator of androgen/androgen receptor sig- 
naling and exerting its oncogenic effects through multiple pathways. This chapter addresses 
the role played by miR-2909 in the progression of PCa and the potential signaling pathways 
through which it operates. The purpose of this chapter is mainly to bring into limelight the 
role played by one of the less known miRNAs to the readers which when combined with 
another set of miRNAs or specifically AR-regulated miRNAs could be exploited for thera- 
peutic and diagnostic purposes, though further studies are demanded to obtain more definite 
conclusions. 


2. Prostate gland structure and PCa types 


Prostate is a compound tubuloalveolar exocrine gland that plays a vital role in the reproductive 
process by secreting a part of the seminal fluid. The average size of the prostate is about a size 
of a large walnut that is located close to the rectum, below the bladder at the base of the penis. 
The prostatic epithelium is composed of two major cell types: stromal cells and epithelial cells. 
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There are five types of cells present in prostate epithelium including stem cells, basal epithelial 
cells, transit-amplifying cells, neuroendocrine cells and secretory epithelial cells. 


The stromal compartment, which normally serves as structural support, mainly consists of 
connective tissue, smooth muscle cells and fibroblasts. The gland can be divided into three 
glandular zones: the transition zone (TZ), the central zone (CZ) and the peripheral zone (PZ). 
The TZ consists of two lobes, accounting for 5% prostatic volume, whereas CZ is located out- 
side the TZ and accounts for about 25% prostatic volume. Outside the CZ is the PZ which con- 
stitutes about 70% of the total prostatic volume. Most of the benign hyperplasias and 10-20% 
tumors arise in TZ whereas 70-75% of the prostate tumors arise in PZ. Acinar prostate carci- 
noma is the most common histological form whereas other subtypes only account for 5-10% 
of histological forms and include ductal adenocarcinoma, atrophic carcinoma, pseudo-hyper- 
plastic carcinoma, foamy gland carcinoma, mucinous carcinoma, signet-ring carcinoma, small 
cell carcinoma, sarcomatoid carcinoma, urothelial carcinoma and squamous cell carcinoma. 


3. MiRNAs 


miRNAs are naturally occurring 18-24 nucleotides-long non-coding RNA molecules that reg- 
ulate the expression of a large number of genes posttranscriptionally either through mRNA 
degradation or inhibition of translation [11]. miRNAs play an important role in a wide range 
of biological processes including cell proliferation, differentiation, development and apop- 
tosis [12]. To date, approximately 2000 human miRNAs have been discovered and believed 
to regulate about 30% of human genes. miRNAs are known to regulate genes through three 
different mechanisms including triggering an endonucleolytic cleavage of mRNA, promot- 
ing translational repression or through accelerating the deadenylation of mRNA [11]. The 
endonucleolytic cleavage of target mRNAs is usually possible if the miRNA sequence is com- 
pletely complementary to the target mRNA sequence although some mismatches could occur. 
However, translational repression occurs if there is a non-perfect match between the two 
sequences. Nucleotides 2-7 from the 5’ end of the miRNA, called seed sequence, are essential 
to the binding of the miRNA to the target mRNA perfectly and all the other nucleotides of the 
miRNA can bind imperfectly. Though majority of data has focused on miRNAs that act via 
canonical pathway, there are no mechanistic requirements that restrict miRNA action to only 
3'untranslated region (UTR). miRNAs have also been reported to regulate mRNA expression 
by targeting 5'UTR and open reading frame (ORF) binding sites. Moreover, various studies 
have reported miRNAs that directly bind to DNA and influence gene expression and some 
miRNAs are reported to even activate, rather than inhibit gene expression [13]. Altogether, 
these findings highlight the complexity of gene regulation by the miRNAs. 


Lot of miRNAs are located in distinct regions far from protein-coding genes and expressed 
independently from their own promoters. However, 40% of miRNAs are located in introns of 
protein-coding genes and are under the control of same promoter and co-expressed with the 
host gene. Likewise, various miRNAs are located close to each other within 10 kb in the form 
of clusters. miRNAs are normally transcribed as monocistronic by polymerase II whereas 
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clustered miRNAs are transcribed as polycistronic RNAs. The transcribed sequences are a 
few hundred to a few thousand nucleotides in length and are termed as preliminary miRNAs 
(pri-miRNAs). Pri-miRNAs harbor a polyadenyl-tail and have a 5'7-methylguanylate cap (95) 
at the 5’ end. The pri-miRNA synthesized is cleaved by the nuclear microprocessor complex 
formed by Drosha, a member of the RNase III family of enzymes, and the DiGeorge 21 critical 
region 8 proteins. If the seed sequence of miRNA and its target mRNA are highly complemen- 
tary, mRNA degradation is induced via the RNAse III catalytic domain of the AGO proteins, 
which is followed by the degradation by exonuclease XRN1, the exosome and SKI complex. If 
the miRNA and mRNA are partially complementary, mRNA degradation is followed through 
different pathways. The poly(A) tail of the mRNA is deadenylated followed by degradation 
of the mRNA from the 3’ end by the cytoplasmic exonucleases degradation mechanism or by 
removal of 5’cap via decapping complex proteins (DCP1 and DCP2) and CAF1-CCR4-NOT 
complexes and then degradation of the mRNA by XRN1 from 5’ to 3’ end [11]. 


4. MiRNAs in PCa 


As miRNAs have been associated with various important physiological processes like devel- 
opment, differentiation, apoptosis and cell cycle regulation, thus aberrant miRNA expression 
can result in various pathological states, including cancer [14]. Various studies have shown 
that different miRNAs and their targets are aberrantly expressed in neoplastic PCa tissues 
compared to the normal ones, providing a significant insight into altered cellular growth, 
invasion and metastatic potential of PCa cells [6, 15]. These miRNAs appear to have important 
and unique roles with respect to apoptosis resistance, cell proliferation, epithelial-to-mesen- 
chymal transition, invasion, metastasis and development of androgen independence. These 
differentially expressed miRNAs function as either oncogenes or tumor suppressor genes with 
oncogenic being upregulated and tumor suppressors being downregulated. Various miRNA 
expression profiling analytical studies have shown many miRNAs downregulated in PCa 
wherein their elevated levels are indicators of good prognosis [6, 15]. On the contrary, other 
miRNAs are promoters of carcinogenesis and their expression levels are elevated in advanced 
stages of some cancers, which clearly suggests these miRNAs as attractive targets for therapy 
[6, 15]. Although a good number of miRNAs are reported as being differentially expressed in 
PCa, which in turn leads to altered expression and activity of their targets, the understanding 
of the functional importance of only several miRNAs has been molecularly exploited. Such 
studies have established an intimate relationship between PCa and miRNAs with emerging 
data clearly suggesting miRNAs a very promising field in terms of therapeutics, although 
further in-depth mechanistic studies and a better understanding of the key events are desired. 


5. miR-2909 


miR-2909, previously known as Che-1 and encoded by AATF gene, is known to regulate cru- 
cial genes involved in host immunity, energy metabolism and oncogenic/oncostatic activities 
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[8, 16]. AATF/Che-1 genome has emerged like a master epigenetic switch shown to regulate 
cell cycle progression, checkpoint control and apoptosis [17]. A new dimension was added to 
AATF Genome by a finding that AATF acts as co-activator of AR through its interaction via 
LXXLL motifs and thus enhances the AR mediated transcription. AR signaling has a critical 
role in the development of normal prostate by triggering various events that promote epithe- 
lial cell growth, arrest and differentiation [9]. However, this pathway is modified/deregulated 
to promote cell survival and proliferation in PCa [10]. Keeping in view the critical role played 
by AR signaling in normal prostate and PCa development, human AATF genome, holding 
AATF gene and its encoded miR-2909 within its fold, assumes huge importance. Further, vari- 
ous studies focused to explore the role of miR-2909 in PCa were conducted and the potential 
signaling pathways through which miR-2909 operates were explored. A new dimensional 
role was added to miR-2909 by various studies that revealed miR-2909 as an androgen-reg- 
ulated miRNA acting as a novel mediator of androgen/androgen receptor (AR) signaling. 
miR-2909 enhanced the proliferation potential of PCa cells and assisted in PCa survival under 
reduced androgen levels by maintaining a positive feedback loop with AR. Further, miR-2909 
was shown to exert it oncogenic effects by attenuating the tumor-suppressive effects of trans- 
forming growth factor beta (TGF) signaling by directly targeting transforming growth factor 
beta receptor 2 (TGFBR2) and via signal transducer and activator of transcription 1 (STAT1) 
pathway and by upregulating ISGylation pathway through SOCS3/STAT1 pathway. 


6. miR-2909 and AR signaling 


AR signaling plays a critical role in the development of normal prostate [9]. However, this 
pathway is deregulated to promote cancer development and progression in PCa patients. 
miR-2909 is identified as an androgen-induced miRNA that functions as a novel mediator 
of androgen/androgen receptor signaling. Comparison of AR negative, PC3 and AR positive 
LNCaP PCa cell lines has shown a three-fold higher expression of miR-2909 in LNCaP cell 
line. Further, androgens were observed to induce an enhanced expression of miR-2909 and 
androgen-deprivation downregulated miR-2909 expression in androgen-dependent LNCaP 
cells. Moreover, the expression level of miR-2909 also increased proportionately when LNCaP 
cells were treated with different concentrations of DHT ranging from 0.1-15 nM. Moreover, 
this androgen-mediated regulation of miR-2909 was executed through AR signaling. To rule 
out any cross-activation of Estrogen receptor-b (ERb) signaling, it was further shown that 
DHT induced miR-2909 expression was significantly blocked in the presence of AR antago- 
nists, strongly indicating the involvement of AR in androgen-mediated regulation of miR- 
2909 expression. It was further suggested that a positive feedback loop operates between 
AR and miR-2909 in prostate cells (Figure 1). Ectopic expression of miR-2909 in AR-positive 
LNCaP cells resulted in significant upregulation and inhibition of endogenous miR-2909 sig- 
nificantly reduced the AR and PSA expression. It is a well-established fact that the expression 
of AR increases in prostate tumor cells. It could therefore be speculated that the positive feed- 
back loop between AR and miR-2909 in prostate tumors could help to maintain a steady level 
of AR in the absence of androgens for further progression and development. 
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Figure 1. Feedback loop between androgen receptor and miR-2909. 


7. miR-2909 stimulates androgen-dependent and androgen- 
independent growth 


The functional analysis of miR-2909 in PCa was studied by transfecting miR-2909 into differ- 
ent PCa cell lines. Ectopic expression of miR-2909 enhanced the proliferation potential of both 
LNCaP and PC3 cells. The treatment of miR-2909-transfected LNCaP cells with an anti-andro- 
gen, bicalutamide significantly inhibited the cell proliferation rate. PCa commonly progresses 
from an androgen-dependent (AD) to an androgen-independent (AI) stage. Evaluating the 
role of miR-2909 in AI conditions, it was observed that miR-2909 overexpression significantly 
stimulated the growth of AD-LNCaP cells cultured in androgen-deprived medium and 
rescued them from androgen-ablated growth arrest. Similarly, anti-miR-2909 significantly 
inhibited the growth of AD LNCaP cells. Moreover, overexpression of miR-2909 significantly 
stimulated the growth of AR negative PC3 cells also. 


8. miR-2909 and TGF beta signaling 


In PCa, multiple AR mediated growth-regulatory signaling pathways are disrupted, disturb- 
ing the equilibrium between proliferation and apoptosis and tipping the balance in favor of 
proliferation. TGFP signaling represents one of the important pathways AR cross talks with 
[18, 19]. Although various studies have shown that AR signaling blocks the TGFB-induced 
inhibitory effects, however, exact molecular mechanisms are not known yet [20, 21]. We have 
for the first time reported in our study that miR-2909 acts as one of the central mediators of 
this cross talk [22]. TGFBR2, a critical signaling effector of TGF signaling, was shown as 
a novel putative target of miR-2909. TGFBR2 expression was downregulated in miR-2909 
overexpressing PC3 cells and upregulated in anti-miR-2909-treated LNCaP cells. Ectopically 
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Figure 2. Schematic model summarizing the role of miR-2909 in PCa. 


expressed miR-2909 decreased the basal phosphorylation of SMAD3, a downstream effector 
of TGFP signaling and thus abrogating TGFG-mediated cell growth inhibition and apoptosis 
in PC3 cells. Further, a significant upregulation of p21™ and downregulation of c-MYC and 
CCND1 expression was observed in TGFf-treated PC3 cells and miR-2909 overexpression 
abrogated these TGFB-mediated effects (Figure 2). Thus, these results suggest a novel mecha- 
nism of escaping tumor-suppressive effects of TGF signaling mediated through downregu- 
lation of TGFBR2 by miR-2909 alone or AR/miR-2909 axis which could be a vital mechanism 
for PCa cell survival and progression. Supporting this data, various studies have shown that 
downregulation of TGFBR2 induces malignant transformation while TGFBR2 activation pro- 
motes the pro-apoptotic function in vitro as well as in vivo [23, 24]. The significance of TGFB 
pathway in castrate-resistant prostate cancer is further supported by various studies that have 
reported an association between reduced TGFBR2 expression with higher Gleason score and 
elevated risk of relapse or decreased survival rate after androgen depletion therapy in PCa 
patients [25, 26]. 


9. miR-2909 and ISGylation 


ISG15 is an interferon-induced 165-amino-acid (17 kDa) protein that belongs to a ubiquitin- 
like protein superfamily [27]. Like ubiquitin, ISG15 has diverse functions including ISGylation, 
a ubiquitin-like modification process by which ISG15 covalently conjugates to cytoplasmic 
and nuclear proteins through its conserved LRLRGG sequence and alters their functional 
properties [28]. A significant upregulation of all components of ISGylation including ISG15, 
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HERC5, UBE1L and UBE2L6 were observed in miR-2909 over-expressing PC3 cells (Figure 3). 
Further, it was observed that miR-2909 overexpression modulated ISGylation through STAT1 
mediated via negative regulation of SOCS3. A significant upregulation of STAT1 phosphor- 
ylation and downregulation of SOCS3 was detected in miR-2909-overexpressing PC3 cells 
whereas miR-2909 plasmid coupled with antagomiR-2909 treatment significantly downregu- 
lated phosphorylated STAT1 and upregulated SOCS3 expression [29]. The SOCS3 is a well- 
documented inhibitor of JAK/STAT pathway and STAT1 phosphorylation is always reported 
as inversely correlated with SOCS3 expression [30]. A pro-tumorigenic activity mediated by 
miR-2909-induced ISGylation upregulation via STAT1 is supported by various studies report- 
ing constitutive STAT1 activation as tumor-promoting in multiple cancer models. A positive 
correlation between increasing STAT1 expression and pro-proliferative gene expression with 
increasing disease progression from benign human papilloma virus-negative and benign 
human papilloma virus-positive, malignant cervical squamous carcinoma cells have been 
reported [31]. A similar kind of correlation between STAT1 with increasing disease progres- 
sion from ductal carcinoma in situ to invasive carcinoma in breast cancer biopsies has also 
been reported. Likewise, the STAT1 expression in human breast cancer has been reported to 
be a predictive marker of poor prognosis as well as chemotherapy and radiotherapy resis- 
tance [32, 33]. Ectopic expression of miR-2909 in PC3 cells increased their proliferation rate 
and silencing miR-2909-induced or endogenous level of ISGylation process in PCa cells sig- 
nificantly reduced the cell proliferation rate. Cell cycle analysis also revealed a significant 
decrease in fraction of cells in S phase, clearly indicating the effect of miR-2909 on cell prolif- 
eration could be partly mediated via ISGylation. 


In support of these results, interferons have been shown to upregulate AR expression, a mol- 
ecule known to play a critical role in PCa development and progression. Similarly, Kiessling 
et al. [34] have shown that UBE1L overexpression, one of the limiting components of ISGylation 
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Figure 3. Downregulation of ISGylation through AR/miR-2909 axis in AR-positive LNCaP cells. 
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in LNCaP cells, increased AR levels in an ISG15-dependent manner. In breast cancer also, 
ISG15 is reported to stabilize oncogenic K-Ras protein via modifying it through ISGylation by 
inhibiting its targeted degradation via lysosomes [35]. All these observations clearly implicate 
that miR-2909 may very well play an important role in PCa progression through modulating 
ISGylation process. 


Moreover, it is well-known that the signaling events triggered by TGF-f are negatively reg- 
ulated by STAT1 through SMAD7 [36]. Phosphorylation of STAT1 induces transcription of 
SMAD7, which is a negative regulator for the cascade of SMAD3-mediated TGF- signaling. 
miR-2909 overexpression significantly upregulated the expression of SMAD7 and decreased 
SMAD3 phosphorylation in PC3 cells (Figure 2). Moreover, the effect was reversed and the 
expression of SMAD3 resumed to normal levels when SMAD7 was inhibited using si-SMAD7. 
TGF is known to be a negative growth regulator that plays a critical role in PCa by controlling 
cell proliferation and apoptosis. An expanding body of evidence has indicated dysfunctional 
TGF signaling in various malignancies including PCa. Henceforth, all these studies suggest 
modulation of TGF-beta signaling by miR-2909 through multiple mechanisms. As [SGylation is 
known to play a pro-tumorigenic role and is also associated with poor prognosis, thus miR-2909 
could serve as a potential prognostic biomarker for cancer patients. Further, the negative regu- 
lation of TGF signaling signifies that miR-2909 plays a pro-tumorigenic role by manipulating 
multiple signaling pathways. However, these studies represent the preliminary attempt and 
need to be further extended to human clinical PCa samples where these in vitro studies could 
be validated and the potential role of miR-2909 as a therapeutic biomarker could be established. 


10. Urinary-exosomal miR-2909 and PCa 


Exosomes are small membrane-bound vesicles of 40-100 nm in diameter found in a broad 
range of biological fluids. They play a critical role in cross talk between tumors and the sur- 
rounding environment. Various molecules encapsulated in these vesicles circulating in various 
body fluids are proteins and nucleic acids including mRNA and miRNAs [37, 38]. Various 
studies have reported a change in the content of freely circulating exosomal miRNAs during 
tumorigenesis reflecting the situation in the tumor [38]. Samina et al. [39] studied the relative 
urinary exosomal recruitment levels of two miRNAs, that is, mir-2909 & miR-615-3p in human 
subjects suffering from either bladder cancer or PCa. Urinary exosomes, derived from human 
subjects suffering from PCa, were found to be enriched with miR-2909 compared to those 
derived from either healthy control subjects or benign prostatic hyperplasia (BPH) subjects 
or patients with urinary bladder cancer. In contrast, miR-615-3p was significantly recruited to 
urinary exosomes in subjects suffering from both bladder and PCa compared to those found 
in either healthy-control subjects or disease-control subjects suffering from BPH. Elucidating 
the correlation of urinary exosomal miRNAs with PCa severity, the extent of miR-2909 recruit- 
ment to the urinary exosomes showed significant correlation with the severity of PCa based 
on Gleason Score within different subgroups grouped into Hormone-sensitive or Hormone- 
insensitive or Hormone-naive groups [39]. Further, in this study, it was reported that the serum 
PSA levels did not correlate with the severity of PCa either in Hormone-sensitive or Hormone- 
insensitive subjects. Moreover, no significant relationship between severity of PCa and age was 
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observed. From this study, it can be implied that urinary-exosomal miR-2909 cannot only help 
to differentiate bladder cancer from PCa but can also help to know the aggressiveness of PCa. 


11. Clinical applications 


Currently, PSA measurement is the only routinely performed test for the diagnosis of PCa. 
PSA is a coagulase protein secreted by prostate epithelial cells into semen. When the level of 
PSA goes above 4 ng/ml, the subject is asked to go for prostate biopsy for further evaluation. 
However, the PSA testing is non-specific as elevated PSA levels due to BPH, infection and/or 
chronic inflammation may sometimes lead to confounding results leading to over-diagnosis 
and over-treatment for insignificant tumors. Moreover, PSA measurement can also give false 
negative results as sometimes the patients suffering from PCa show a PSA level within nor- 
mal range, thus leading to wrong diagnosis. Another important limitation of PSA testing is its 
lack of ability to identify aggressive and lethal forms of PCa. Thus, even though PSA is a valu- 
able tool, it lacks specificity and is therefore not considered an optimal biomarker. Therefore, 
novel biomarkers are extremely desired due to the limitations of PSA. 


The current research scenario gives compelling reasons to believe that miRNAs could serve 
as potential therapeutic tools in the form of monotherapy or in combination therapy with the 
available medical treatments. miRNAs alone or allied with PSA testing can serve together as 
potential biomarker for the accurate diagnosis of PCa [40, 41]. From the above studies, it can 
be implied that detection and quantification of miR-2909 alone or in combination with other 
miRNAs could serve as a reliable, non-invasive biofluid-based diagnostic test that can help to 
determine the presence and nature of a prostate malignancy as well as its response to treat- 
ment. However, it is to be insisted that a good number of investigational studies based on 
larger number of patients are needed to obtain more definite conclusions. 


12. Conclusion 


Collectively, miR-2909 is an androgen-inducible miRNA that forms a positive loop with AR 
and helps in prostate cancer progression. miR-2909 exerts its oncogenic effects via multiple 
mechanisms including attenuation of tumor-suppressive effects of TGF signaling and by 
upregulating ISGylation pathway. Moreover, it can be speculated that the recruitment of miR- 
2909 within the urinary exosomes in PCa patients can act as a non-invasive diagnostic marker 
for all the traits of PCa severity. 
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Chapter 5 


Development of Oncolytic Adenoviruses for the 
Management of Prostate Cancer 


Ahmed A. Ali and Gunnel Halldén 


Abstract 


Prostate cancer (PCa) is the fifth most common cause of cancer-related deaths in men 
globally. Androgen receptor (AR) signalling plays a vital role in initiation and progres- 
sion and antiandrogens are standard of care first-line therapeutics. However, resistance 
frequently develops resulting in metastatic castration-resistant prostate cancer (mCRPC). 
Management of CRPC is currently chemotherapy and/or radiotherapy but is mostly 
palliative due to rapid development of resistance. The need for novel approaches to 
eliminate mCRPC is compelling; a promising option is replication-selective (oncolytic) 
adenoviruses with demonstrated efficacy in preclinical models of multidrug-resistant 
PCa. The safety of various viral mutants has been confirmed in numerous clinical trials 
with minimal toxicity in patients. Importantly, oncolytic adenoviruses synergise with the 
current standard of care for mCRPC even in treatment-resistant cells. In early phase I-II 
clinical trials, promising efficacy in patients with localised PCa was reported after intra- 
tumoural administration, and phase III trials are underway. To enable systemic delivery, 
for targeting of mCRPC, further developments are necessary because of the short half-life 
of the adenoviral mutants in human blood. Current progress in preventing the high- 
affinity binding of adenovirus to erythrocytes, hepatocyte uptake, and elimination by 
hepatic Kupffer cells will be described. 


Keywords: prostate cancer, oncolytic adenoviruses, androgen, treatment resistance, 
viral modifications 


1. Introduction 


The current treatment approaches for prostate cancer (PCa) are successfully managing local 
disease with a reported 5-year survival rate of 100% [1]. At this stage, the treatment options 
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are surgery (radical prostatectomy), radiation therapy, and androgen deprivation therapy 
(ADT), which includes castration, androgen receptor (AR) inhibition, and combined thera- 
pies. Castration is classified as either surgical (orchiectomy) or medical, for example, admin- 
istration of luteinizing hormone-releasing hormone (LHRH) agonists or antagonists. Current 
use of AR inhibitors includes the nonsteroidal antiandrogens (NSAA) nilutamide, flutamide, 
and bicalutamide, which have demonstrated better tolerability than earlier steroidal antian- 
drogens such as cyproterone acetate. Combined androgen blockade (CAB) refers to the use 
of castration and AR antagonists combined [2]. In contrast, late-stage hormone-independent 
metastatic PCa has a 5-year survival rate of only 29% because of the development of resistance 
to all current therapeutics including cytotoxic drugs [1]. There is an unmet medical need for 
management of late-stage PCa. Efforts to improve the survival of patients with metastatic 
PCa have led to the development of novel therapeutics with the majority of agents target- 
ing the androgen pathway, for example, the NSAA ARN-509 (Aragon Pharmaceuticals) and 
the androgen synthesis inhibitor abiraterone [3, 4]. However, only limited survival benefits 
and development of resistance have been observed with the new agents. A promising novel 
class of therapeutics that act through entirely different mechanisms than traditional cytotoxic 
and targeted drugs is oncolytic viruses. Currently, no oncolytic virus has been approved for 
treatment of PCa, although numerous phase I-II trials have been completed with promising 
outcomes and phase III trials are underway [5]. The most promising preclinical and clinical 
efficacy has been reported for various PCa-selective replicating adenoviral mutants that lyse 
cancer cells and leave normal cells unharmed and, in addition, resensitise drug-resistant can- 
cer cells to chemotherapeutics [6-8]. 


1.1. Oncolytic viruses and prostate cancer 


Gene therapy with oncolytic viruses is currently one of the most promising approaches for 
cancer elimination based on both preclinical data and results from numerous clinical trials. 
While classical gene therapy uses nonreplicating viruses as vectors to deliver transgenes to 
cancer cells, oncolytic virus therapy employs the lytic properties of replicating viruses to lyse 
cancer cells in addition to expression of cytotoxic transgenes to enhance efficacy and spread 
within the tumours [9]. Oncolytic viruses are engineered to replicate selectively in tumour 
cells and are most often genetically modified to selectively infect, propagate, and kill cancer 
cells without affecting normal cells [9, 10]. 


The concept of using replicating viruses in cancer treatment is not new; over a century ago, 
it was noted that tumours regressed in patients after naturally occurring systemic viral infec- 
tions [10, 11]. During 1950-1980, several clinical trials were carried out to assess the ability 
of wild-type viruses to eliminate cancer, including the yellow fever, hepatitis, adenoviruses, 
and West Nile fever viruses [12]. However, the outcomes were not conclusive due to failure of 
infection control and spread to both healthy and malignant cells with poor patient outcomes. 
At present, it is well known that most cancer cells have impaired innate immune responses 
with decreased protection for viral infection, for example, altered interferon activity, resulting 
in enhanced viral replication in cancer cells compared to normal cells [13]. For this reason, the 
main challenges with viral therapies today are to prevent replication in normal cells rather 
than increase replication in tumour cells (Figure 1). 
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Figure 1. Selective replication and killing of cancer cells. Oncolytic viruses are engineered to replicate only in cancer cells 
by deleting viral genes that are essential for viral propagation in normal cells and are complemented in cancer cells by the 
altered gene expression in tumours. Alternatively, tumour-specific promoters are inserted in the viral genome to drive 
viral gene expression and propagation in cancer cells only. While oncolytic viruses may infect normal healthy cells viral 
propagation cannot proceed. In contrast, in cancer cells, viral infection leads to potent viral gene expression, genome 
amplification and virion assembly followed by virus-induced cell lysis and spread to surrounding tumour tissue. 


In order to generate viruses that are cancer-selective, the functions of the viral gene-prod- 
ucts must be fully understood to enable selection of the appropriate genes for engineer- 
ing. One of the first oncolytic viral mutants for targeting of cancer cells was generated in 
1991, by Martuza et al. [14]. The virus, a herpes simplex virus type 1 (HSVI) deleted in 
the thymidine kinase (TK) gene, which is essential for replication in normal cells, dem- 
onstrated good results in killing human glioblastoma cells both in vitro and in models in 
vivo [14]. A modified adenovirus, Oncorine or H101 (based on Onyx-015; [15]), was the 
first genetically engineered oncolytic virus to be approved for cancer therapy [16]. In 2005, 
the Chinese FDA granted market approval for Oncorine as an anticancer agent for hepatic 
and head and neck cancers. The phase III clinical trial that led to the approval assessed the 
benefits of adding Oncorine to cisplatin-based chemotherapy in the treatment of advanced 
head and neck squamous cell tumours by intratumoural administration. The objective 
response rates for the combination treated group were reported at 79%, while cisplatin 
alone resulted in 40% regression of injected tumours. However, no overall survival benefits 
were observed. The only other oncolytic virus on the market is Imlygic or T-VEC (Amgen), 
an HSVI mutant expressing granulocyte-macrophage colony-stimulating factor (GM-CSF) 
[17]. Imlygic was licenced in 2015 for melanoma by the FDA and approved in Europe in 
2016 and in Australia in 2015. Currently, there are several engineered oncolytic viruses 
undergoing phase III clinical trials including a poxvirus (Pexa-Vec; JX-594; Transgene) for 
advanced hepatocellular carcinoma and the adenovirus mutant (CG0070; Cold Genesys) 
for bladder cancer [10]. During 2001-2014, six clinical trials investigating oncolytic virus 
therapy for recurrent localised prostate cancer were reported; four of them evaluated ade- 
novirus-based therapies and two reovirus-based therapies, summarised in Table 1 [18-23]. 
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Currently, several phase I-II trials are ongoing using modified oncolytic adenoviruses. 
Although the development and use of oncolytic viruses have resulted in promising pre- 
clinical and clinical results, several challenges remain such as premature elimination of 
virus by the host immune system, viral pathogenic mechanisms, and failure to target all 
lesions at metastatic sites. 


Virus Genetic modifications Phase/number of Toxicity/route of Outcomes 
patients administration 
CV706 E1A expression Phase I Low 65% of the patients had 
controlled by PSA- 20 Intraprostatic >30% serum PSA reduction 


and 25% had >50% serum 
PSA reduction [18] 


promoter-enhancer 


CG7870 E1A expression Phase I Grade 1 or 2, 13% 27% without PSA 
controlled by rat- 23 grade 3 progression at 6 months, 
probastn-promoter Intravenous median time to PSA 
EAB expression rogression 60 days [19] 
controlled by PSA- prog y 
promoter-enhancer 

Ad5-CD/TKrep E1B55K-deleted, Phase I Grade 1 or 2 44% had 225% decrease in 
armed with suicide z serum PSA level; 19% had 

k 16 Intraprostatic R 
genes (herpes simplex 250% decrease in serum 
type 1 thymidine PSA level [20] 
kinase cytosine 
deaminase) 

Ad5-CD/TKrep E1B55K-deleted, Phase II Grade 1 or 2 22 years after treatment, 
armed with suicide 44 Intraprostatic reduced biopsy positivity 
genes (herpes simplex overall from actual biopsies 
type 1 thymidine (42%) and intention-to-treat 
kinase cytosine (34%), and men with <50% 
deaminase) biopsy positivity 60% [21] 

Ad5-yCD/ E1B55K-deleted, Phase I Ongoing Ongoing [59] 

mutTK(SR39) hNIS as a reporter 

rep-hNIS gene to monitor 
virus replication and 
efficacy 

Ad5-yCD/ E1B-55K-deleted, Phase I Ongoing Ongoing [60] 

mutTK(SR39) armed with IL12 

rep-hIL12 

Reolysin® None (wild type) Phase I Grade 1 and 2 51% decrease in PSA level 

5 TAizavenous in one patient with prostate 
cancer [22] 
Reolysin® None (wild type) Phase I Low, dose-limiting 30% decrease in PSA level 
4 grade 4 neutropenia [23] 


in one patient 


Intravenous 


Table 1. Published prostate cancer clinical trials with oncolytic viruses. 
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2. Development of oncolytic adenoviruses 


The most promising oncolytic viruses are genetically modified adenoviruses. Adenoviral 
mutants are continuously being developed to further improve on selectivity and efficacy. 
Adenovirus was discovered in the 1950s when it was isolated from adenoid tissues [24]. 
The linear double-stranded DNA genome, 30-38 kb, is enclosed in a protein capsid, forming 
70-100 nm virion particles with icosahedral symmetry. There are more than 50 subtypes of the 
human adenovirus family that infect a broad range of host tissues often causing acute mild 
disease including respiratory infections, epidemic conjunctivitis, and infantile gastroenteritis 
[25, 26]. Despite the ability of certain subtypes to induce cancer in rodent models and trans- 
form cultured cells, there is no evidence to date that adenoviruses cause cancer in humans [27]. 
Currently, most clinical and preclinical studies have employed adenoviral mutants generated 
from type 5 (Ad5) because of its proven safety record and known functions. 


2.1. Structure of adenoviruses 


The viral capsid consists of 240 hexon and 12 penton proteins with fibre proteins projecting 
from the pentons and several small proteins that aid in stabilising the icosahedral structure 
[28]. The DNA containing core harbours additional proteins, the major polypeptide V and VII, 
a minor arginine-rich protein u, which is covalently attached to the 5’-ends of the DNA, and 
the terminal proteins that bind to the DNA ends to act as primers for DNA replication. The 
viral DNA is wrapped around polypeptide VII similar to human DNA and histone proteins, 
and polypeptide V binds to the pentons to serve as a bridge between the core and the capsid. 


The first adenoviral genome to be sequenced was from subtype 2 (Ad2), composed of 35,937 
base pairs (bp) [29]. Since then, the majority of subtypes have been sequenced and found to 
have similar genome organisation and functional gene products as Ad2, including Ad5. The 
genome is divided into early expressed units (E1A, E1B, E2A, E2B, E3, and E4), delayed early 
units (IX and IVa2), and late units (L1-L5). The early units are the first to be expressed and 
encode proteins responsible for initiating transcription of other viral genes and for chang- 
ing the intracellular environment to support viral production [30, 31]. The E1A proteins are 
required for productive infection and induce S-phase, cellular DNA synthesis and activate 
viral gene expression. The E2 proteins code for the viral DNA polymerase, which is essential 
for viral genome amplification. The E3 and E4 proteins are not essential for viral replication 
but prevent premature cell death of infected cells in response to the host immune defence 
and inhibit the DNA-damage repair, respectively. The late regions encode the viral structural 
proteins after viral genome amplification to encapsulate newly synthesised viral DNA. The 
VA RNA I and II reduce stimulation of the interferon response, delay cellular microRNA 
processing, and control the expression of host genes. Both ends of the genome contain the 
100 bp inverted terminal repeats (ITRs), which serve as the origin of replication, and the viral 
packaging sequence (~200 bp), which is located next to the left ITR. 


The viral particle enters the host cell through receptor-mediated endocytosis due to the 
interactions between the viral fibre and coxsackievirus and adenovirus receptor (CAR), and 
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between pentons and integrins, mainly av63 and avB5. The viral DNA is released in the 
endosome and transported to the nucleus where E1A is expressed constitutively, initiating 
expression of other early genes and hijacking the host cell DNA-synthesis machinery [31]. 
After complete viral genome amplification and assembly of new particles, the host cell is 
lysed and viruses spread and infect surrounding cells [32]. 


2.2. Anticancer activity of adenoviruses 


Clinical evaluation of adenoviruses as oncolytic therapeutics started shortly after the discov- 
ery in the 1950s [11, 33]. The small genome is easy to engineer with known functions of the 
majority of the gene products, the genome is not integrated into the host cell DNA, the clinical 
safety profile is excellent with only flu-like side effects, and the natural tropism to epithelial 
cells renders adenocarcinomas, including PCa, excellent targets. Clinical developments have 
been limited to some extent because of the frequent downregulation of the native adenovirus 
receptor CAR in many tumours and the presence of preexisting antiadenoviral antibodies. 
A majority of the population has been infected with adenovirus at some point [27]. Several 
approaches have been explored to solve these limitations and are described below. 


2.2.1. Viral fibre modifications 


A promising and now common strategy that has been assessed in both preclinical and clinical 
studies is the modification of various regions of the viral capsid to enhance the affinity and 
therapeutic effects in CAR-negative cancer cell lines [27]. Several teams have evaluated fibre 
modifications that incorporate a partial peptide sequence from fibronectin, containing an argi- 
nine-glycine-aspartate-4C (RGD-4C) motif into the HI-loop of the fibre-knob, which enhances 
binding to avB3- and avB5-integrins and enables CAR-independent uptake [34]. RGD-modified 
viruses have improved oncolytic actions compared to unmodified virus in CAR-negative can- 
cer cells. This strategy has proven to be efficacious for targeting of several solid cancers [35]. 


2.2.2. Chimeric viruses 


The strategy of generating chimeric mutants has the advantage of employing multiple bind- 
ing motifs from various parental viruses resulting in a broader transduction range of host 
cells [36]. For example, ovarian cancer cells were more efficiently targeted by adenovirus type 
3 (Ad3) that binds to receptors including CD46 and CD80/CD86, but not CAR, and the Ad3 
fibre was subsequently inserted in Ad5 to replace the native Ad5 fibre [36, 37]. The resulting 
chimeric Ad5/3 was more efficient in targeting ovarian cancer cells than Ad5 [38]. 


2.2.3. Antibody fusion constructs 


A novel approach to improve adenovirus selectivity is the use of antibody fusion constructs, 
where two antibodies are used; one targets adenovirus capsid proteins, for example, using 
an antifibre knob antibody, and the other targets specific membrane receptors on the tumour 
cells [32, 33]. One promising cellular target antigen is the folate receptor, which is overex- 
pressed in breast, ovarian, lung, and brain cancer cells [39]. This strategy resulted in improved 
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selectivity and higher affinity of adenovirus to the tumour cells. A disadvantage of this tech- 
nique is that the antibody binding to virus is lost in the progeny virions. 


2.2.4. Complementation deletions 


The most common strategy to generate replication-selective oncolytic adenoviral mutants is 
by introducing mutations in viral genes that are vital for replication in normal cells but are 
complemented by the altered cell cycle regulation in tumour cells (Figure 1). The first oncolytic 
adenovirus that was generated (d11520, Onyx-015) was constructed by deleting the viral E1B55K 
protein, which binds to cellular p53 [15]. Inactivation of p53 is vital for adenovirus replication in 
normal cells to prevent apoptosis as a defence response to viral infection. In most cancers, p53 
is nonfunctional through either direct mutations or mutations of p53-regulatory proteins [40]. 
It was demonstrated that adenoviral mutants that do not express E1B55K replicate exclusively 
in cancer cells lacking functional p53. Several versions of E1B55K-deleted mutants have shown 
promising oncolytic activity in spite of attenuated viral replication in numerous solid cancers. 
It is now known that E1B55K is crucial for the export of viral mRNA from the nucleus, giving a 
rational explanation for the limited replication of the virus in cancer cells [41]. Ongoing work is 
aimed at designing mutants with nonattenuating deletions to improve replication and efficacy 
in cancer cells. An example is the ELACR2-deleted mutants that replicate selectively in cells with 
deregulated pRb-p16 pathway [42, 43]. The deletion of the small pRb-binding CR2-region in 
the E1A gene prevents binding to pRb, and thus these mutants cannot replicate in normal cells. 
Several versions of oncolytic adenovirus based on the deletion of ELACR2 (e.g., Ad5/3A24hCG) 
have been designed and are under clinical evaluation for different types of cancers [43]. 


3. Prostate cancer-specific oncolytic adenoviruses 


Oncolytic adenoviruses provide a promising treatment option for PCa due to their unique mode 
of action that synergises with current treatment modalities. There are two successful approaches 
that have been explored when targeting PCa. The first approach was to drive viral replication by 
prostate-specific promoters replacing the native viral promoter; this strategy is feasible because 
of the frequent overexpression of AR-regulated genes such as the prostate-specific antigen (PSA) 
and prostate-specific membrane antigen (PSMA) [44, 45]. Numerous viruses have been devel- 
oped utilising various combinations of androgen-response elements (ARE) present in these 
genes [46]. The second strategy is the complementation deletions (see Section 2.2.4). 


3.1. Prostate-specific antigen (PSA) regulatory elements 


Several specific PSA regulatory elements have been explored to control adenovirus replication, 
including AREs and the PSA enhancer, which are located upstream of the promoter. The mutant 
CG7060 was constructed to express E1A from the PSA promoter/enhancer and showed selec- 
tive replication and cell killing in prostate cancer cells [44]. In animal models using the PCa cell 
line LNCaP (AR-positive, PSA-expressing), tumour xenografts were grown in mice and were 
injected intratumourally with CG7060. During the first 2 weeks, the tumour volume increased 
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slightly followed by a rapid decrease in growth. By 6 weeks, 50% of the mice were tumour- 
free [44]. In a clinical trial including 20 patients with locally recurrent PCa, CG7060 showed 
an acceptable safety profile and was not associated with significant toxicity (<grade 3) [18]. In 
addition, promising anticancer activity was suggested based on the reduction in PSA levels. A 
more recent and improved version of the CG7060 virus is CG7870, which has the PSA enhancer/ 
promoter controlling E1B expression, while E1A expression is regulated by the rat probasin 
promoter (AR-regulated) [47]. CG7870 replicates 10*-10° times more efficiently in PSA-positive 
cells than in PSA-negative cells, which is translated into 10,000 times higher cell killing activity 
[7, 48]. CG7870 was assessed in phase I and II trials for the management of locally recurrent pros- 
tate cancer through intratumoural administration and in hormone refractory metastatic pros- 
tate cancer through intravenous administration [19, 49]. In both settings, CG7870 was reported 
to significantly reduce PSA levels. Moreover, CG7870 synergised with other DNA-damaging 
therapies including radiotherapy or taxane chemotherapy in preclinical models [5, 7, 48]. 


3.2. Prostate-specific membrane antigen (PSMA) regulatory elements 


PSMA is expressed in the prostate epithelial cell membrane and is significantly elevated in 
PCa cells compared to normal prostate cells and parallels the increases in Gleason score [50]. 
There are two identified transcriptional regulatory elements: the PSMA enhancer core (PSME) 
in the third intron of the PSMA gene (FOLH1) and the 1.2 kb upstream promoter of FOLH1 
[51]. PSME is the key element for the prostate-specific expression of PSMA and is negatively 
regulated by androgens, which explains the high level of PSMA in prostate cancer after cas- 
tration, unlike the PSA enhancers/promoters, which depend on androgen for activity [52]. 
The feasibility of using PSME as a regulatory element to control viral replication in PCa tissue 
has been evaluated by constructing the mutant Ad5-PSME-E1A with replication regulated 
by PSME-driven expression of E1A [52]. Castrated mice with prostate tumour xenografts 
received an intratumoural injection of Ad5-PSME-EI1A or control virus, resulting in signifi- 
cant tumour regression only in Ad5-PSME-E1A-treated animals [52]. These outcomes suggest 
that PSME-mediated oncolytic adenovirus may be a promising strategy for management of 
PCa patients after hormonal therapy failure. 


3.3. Prostate-specific chimeric regulatory elements 


To further improve on the selectivity of viral mutants, chimeric prostate-specific enhancer- 
promoter elements were generated and explored [44, 53]. The combination of regulatory ele- 
ments from PSA and PSMA was named prostate-specific enhancing sequence (PSES) and 
was inserted in Ad5 to generate Ad-UI1 and Ad-UI2 with the E1A and E4 genes controlled by 
the PSES [53]. Ad-UI1 is armed with the prodrug-converting enzyme thymidine kinase (TK) 
from HSV. Ad-UI1 showed selective cytotoxicity against androgen-independent PSA/PSMA- 
expressing prostate cancer cells in preclinical models of PCa [53]. 


In another approach, a triplet of prostate-specific enhancers was constructed to regulate adeno- 
virus replication generating Ad[I/PPT-E1A] with E1A under the control of a complex chimeric 
promoter/enhancer sequence designated PPT [54, 55]. PPT is comprised of the T-cell recep- 
tor y-alternate reading frame protein promoter (TARP) and the PSMA and PSA enhancers. 
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The chimeric sequence is shielded from interfering adenoviral promoter-sequences by the 
mouse H19 insulator. Ad[I/PPT-E1A] demonstrated high and prostate-specific replication both 
in the presence and absence of androgens with promising oncolytic effects in PCa cell lines. 
Moreover, LNCaP xenograft tumours in mice regressed after intratumoural administration of 
Ad[I/PPT-E1A]. 


3.4. Targeted replication of adenovirus through complementation deletions 


Several modified versions of Onyx-015 have been designed to develop prostate-specific onco- 
lytic adenoviruses [15, 56]. For example, Ad5-CD/TKrep is armed with the cytosine deaminase 
(CD) and TK suicide genes [57]. Ina phase I study, the intratumoural administration of Ad5-CD/ 
TKrep was evaluated in locally recurrent prostate cancer in combination with the prodrugs 
5-fluorocytosine (5-FC) and ganciclovir [20]. Ad5-CD/TKrep reduced PSA levels with a good 
safety profile; 44% of patients showed more than 25% decreases in PSA and 19% showed more 
than 50% decreases in PSA. Tumour cell killing at the administration sites was demonstrated by 
biopsies 2 weeks later. Interestingly, two patients were cancer free at 1 year follow-up. 


Later, a second-generation of Ad5-CD/TKrep was developed; Ad5-yCD/mutTKSR39rep-ADP 
expressing the adenovirus death protein (ADP) and an improved yeast CD/TK chimeric suicide 
construct [58]. Ad5-yCD/mutTKSR39rep-ADP showed higher cancer cell killing activity in pre- 
clinical studies compared to the parental virus. Moreover, in a phase II trial, promising synergis- 
tic anticancer activity was seen in combination with radiation therapy [21]. Another version of 
this mutant is (Ad5-yCD/mutTKSR39rep-hNIS), which in addition to the chimeric suicide gene 
expresses the human sodium iodide symporter (hNIS), which serves as a reporter gene to enable 
localisation through noninvasive single-photon emission computed tomography (SPECT/CT) 
[59]. The most recent version of these mutants is Ad5-yCD/mutTKSR39rep-hIL12, which instead 
of hNIS expresses the human interleukin 12 (IL-12) [60]. IL-12 is a proinflammatory cytokine 
released by antigen-presenting cells to activate the innate and adaptive immune responses. IL-12 
has reported antitumour activity by overcoming the immune suppressive nature of the tumour 
microenvironment and inhibiting angiogenesis. Local administration of Ad5-yCD/mutTKSR- 
39rep-hIL12 may evade systemic toxicity of IL-12 while maintaining its therapeutic activity locally. 
Systemic administration of Ad5/3A24hCG, targeting the Ad3 receptor expresses the B-chain of 
human chorionic gonadotropin (hCGB), was reported to have anticancer activity in mice with 
castration-resistant lung metastasis of PCa, resulting in significant survival advantages [43]. 


4. Challenges using oncolytic adenoviruses for prostate cancer 


The promising results from clinical trials with oncolytic adenoviral mutants are, in the majority 
of cases, derived from localised PCa and intratumoural administration [18, 20, 21]. However, 
the poor survival outcomes for late-stage PCa patients are due to metastatic lesions in skel- 
eton and lymph nodes. While the oncolytic mutants readily spread within the tumour tissue 
after local administration, metastatic lesions need to be targeted through systemic delivery, 
which is currently not feasible due to the high-affinity binding to erythrocytes, other factors 
present in the blood, and through elimination of virus from the circulation by the liver [8, 61]. 
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4.1. Preexisting antibodies 


A major hurdle in achieving efficient tumour uptake after systemic delivery of oncolytic ade- 
noviruses is the preexisting immunity to virus since the majority of the population has previ- 
ously been infected with adenovirus. One strategy to overcome preexisitng immunity is to 
encapsulate the virus in liposomes. It was demonstrated that despite the presence of adenovi- 
rus antibodies, liposome-coated virus infected tumour cells in preclinical in vivo models [62]. 
Another strategy, which has also been explored in noncancer research, is the administration of 
anti-CD20 antibodies to inhibit T cells and deplete B cells from the host. This strategy resulted 
in enhanced replication of adenoviruses regardless of preexisting adenoviral immunity [63]. 
A more sophisticated approach is the “Trojan Horse”, in which the virus is delivered within a 
host cell that targets tumours. A similar approach is incorporation of the E1A gene into cyto- 
toxic T lymphocytes (CTL) with expression controlled by the cell activation-dependent CD40 
ligand promoter [64]. After transduction of CTLs with El-deficient adenoviral vectors and 
activation by CD40, E1A was expressed and infectious virus was produced. Viral replication 
was tightly associated with CTL activation by its specific tumour-associated antigen, resulting 
in targeted delivery of oncolytic virus to the tumour [64]. 


4.2. Binding to erythrocytes 


Human erythrocytes express CAR and complement receptor-1 (CR1) that bind to adenovirus 
with high affinity [65]. The binding significantly decreases the levels of free circulating virus, in 
turn attenuating viral infection of tumour target tissue. Therefore, erythrocyte binding is a great 
challenge for systemic administration of oncolytic adenoviruses. To overcome these obstacles, it 
might be possible to shield the virus with a layer of hydrophilic polyethylene glycol, modifica- 
tions of the capsid proteins, or as described above with liposome encapsulation [62, 66]. 


4.3. Uptake by nontargeted healthy tissue 


Most adenoviruses are eliminated from the circulation by Kupffer cells through nonreceptor- 
mediated uptake [67, 68]. For Ad5, up to 90% is taken up by hepatocytes and Kupffer cells in 
the liver within minutes of intravenous delivery in humans, drastically preventing sufficient 
amount of virus to reach the targeted tumours [68]. To increase the amount of circulating 
virus, several strategies have been investigated. One preclinical study explored preadmin- 
istration of warfarin, which depleted Kupffer cells and prevented hepatocyte binding and 
consequently improved the anticancer activity of an intravenously administered oncolytic 
adenovirus [69]. Although warfarin administration may not be feasible in patients, the study 
demonstrated that circulating levels of Ad5 mutants could be increased by blocking liver 
uptake. The major key factors associated with liver sequestration of oncolytic Ad5 mutants 
are the blood coagulation factors IX (FIX) and X (FX) that bind to the capsid proteins and 
mediate erythrocyte and hepatocyte binding [70]. To avoid these interactions, various chi- 
meric capsid mutants have been generated with altered hexon and/or fibre proteins includ- 
ing the Ad3/Ad11 mutant ColoAd1 (enadenotucirev; PsiOxus) that is currently in phase I-II 
trials with reported promising outcomes in several solid cancers after systemic delivery [71]. 
Another mutant Ad5/48 with hexon proteins from Ad48, which have low affinity to FX, dem- 
onstrated decreased liver uptake in preclinical models [72]. 
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4.4. Endogenous cytokines 


Systemic virus administration stimulates the release of a range of cytokines such as interfer- 
ons (IFN types 1, 2, and 3) [73]. Their major roles are to induce apoptosis of virus-infected cells 
and promote resistance to infection in noninfected cells. Moreover, IFNs stimulate the adap- 
tive immune system, mainly the dendritic cells, to initiate long-term immunity. One strategy 
to overcome the IFN-response is to pretreat the patients with histone deacetylase inhibitors 
(HDACi) that induce epigenetic changes preventing antiviral cytokine activity at the tumour 
sites and significantly enhancing systemic efficacy of oncolytic mutants [74]. Delivery of the 
virus within mesenchymal stem cells derived from the patient may also aid in avoiding the 
IFN responses since mesenchymal stem cells suppress activated T cells [75]. 


5. Future directions 


The efficacy of numerous oncolytic viruses in cancer management has been established, 
although only two mutants have been granted market approval to date [15, 17]. Major clini- 
cal drawbacks associated with oncolytic adenoviruses are the significant losses of virus after 
systemic administration resulting in low doses reaching the tumour lesions. In addition, the 
complexity of designing potent and selective oncolytic viruses without toxicity to normal cells 
but potent cancer killing activity requires further optimisations. Ongoing work is focused on all 
aspects of delivering optimised mutants to metastatic lesions. One novel approach is to employ 
less common serotypes, including Ad3, Ad11, and Ad48, that are more resistant to elimination 
after intravenous administration. Natural infection with these serotypes is less frequent and 
preexisting immunity is rare. In addition, the utilisation of other uptake receptors than those of 
Ad5, CAR, and avfß3- and avB5-integrins is an advantage both for improved cancer-cell uptake 
and decreased erythrocyte and blood-factor binding. A similar approach is the use of chimeric 
adenoviral mutants including replication-selective alterations of, for example, the Ad5 genome 
and exchange of capsid proteins from other serotypes such as Ad3 and Ad11. A method for 
generating cancer cell-selective optimised novel chimeric mutants is “directed evolution” 
[75]. This concept involves pooling of several serotypes of adenovirus followed by numerous 
passaging of virus on the cancer cell type of interest, which promotes recombination between 
serotypes. This process represents an accelerated simulation of the natural selection of viruses, 
and the most potent mutant can be selected from the resultant viral pools for further study. 
The methodology can be applied to most epithelial cancer cell lines. To date, a potent onco- 
lytic adenovirus has been generated using this approach, ColoAd1 (enadenotucirev; PsiOxus), 
which entered phase I-II trials with reported promising outcomes in several solid cancers after 
systemic delivery [71]. Potency and selectivity on colon cancer cells were significantly higher 
compared to Onyx-015 [76]. ColoAd1 was selected on colon cancer cell lines and was not evalu- 
ated in PCa patients; however, a similar approach using prostate cancer cell lines may lead to 
the generation of prostate-selective chimeric adenoviruses suitable for systemic administration. 


A major advantage of using adenoviruses as anticancer therapeutics is the safety with only 
self-limiting flu-like side effects [77]. While administration of current oncolytic adenoviral 
mutants as single agents has not resulted in significant increases in survival, in combination 
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with cytotoxic drugs and immune factors, efficacy was greatly improved [7, 48]. One strategy 
to overcome the high level of resistance to anticancer immune responses is to include trans- 
genes into the viral genome, such as GM-CSF and IL-12, to further improve the anticancer 
activity by boosting antitumour immunity [8, 78]. Arming oncolytic viruses with immune 
stimulatory factors show promise since intralesional administration of virus might induce a 
synergistic action between viral oncolysis and antitumour immune responses. This concept is 
particularly significant for prostate cancer management, as prostate cancer usually does not 
respond to management with immunotherapeutic agents such as check point inhibitors, due 
to the immunosuppressive character of this cancer [79]. In addition, the immune responses 
resulting from cancer cell lysis and death are anticipated to target metastatic tumours even 
after clearance of the oncolytic virus from the body. 


Other issues are the variable susceptibility of tumours to oncolytic adenoviral mutants, likely 
caused by the specific gene alterations in each tumour type [80]. It may be possible to char- 
acterise each patient tumour and select from a panel of oncolytic adenoviruses specifically 
targeting the identified mutations. A more practical approach to enhance oncolytic efficacy 
is through combining the mutants with other treatment modalities including cytotoxic drugs 
and small molecule-targeted therapies [80, 81]. A recent example is the combination of the 
H101 mutant with a small interfering RNA targeting Bcl2 (siBcl2) [80]. In preclinical studies, 
the combination resulted in significantly increased tumour cell cytotoxicity and apoptosis 
compared to either agent alone. In vivo tumour xenograft studies demonstrated that combin- 
ing H101 with siBcl2 significantly reduced tumour growth and prolonged survival. 


6. Conclusions 


For patients with early-stage prostate cancer, the current treatment modalities are efficient, 
with 5-year progression-free survival rates of more than 90%. On the other hand, for patients 
with advanced PCa (stages III and IV), there is currently no effective therapy. Although the 
latest therapeutic developments for late-stage metastatic PCa have provided a variety of man- 
agement options that offer significant clinical benefits for patients, the disease still has almost 
100% mortality rate at this stage. The median survival after development of hormone resis- 
tance is 14 months. Current treatment options have modest effects on survival, extending life 
by around 2.5-5 months, and are associated with increased treatment costs [82]. Therefore, 
the need for novel therapies is pressing. Oncolytic viruses have proven potential for the future 
management of PCa. Several factors make adenoviruses valuable anticancer agents, such as 
the biology of the viruses is well understood, the viral genome is small and easy to manip- 
ulate, and the viruses can induce direct cell death, synergise with apoptosis-inducing che- 
motherapeutic drugs and stimulate the immune system to develop cancer-specific immune 
responses. The anticancer mechanisms of adenoviruses are unique without the development 
of cross-resistance to current therapeutics and have only mild side effects. 


Adenoviruses are the most attractive and promising oncolytic virus species that have yet 
been developed for treatment of different types of solid cancers including PCa. Reports from 


Development of Oncolytic Adenoviruses for the Management of Prostate Cancer 
http://dx.doi.org/10.5772/73515 


phase I-I clinical trials, including PCa patients, demonstrate that these viruses have excellent 
safety profiles that have been reproduced in thousands of patients. The reported efficacy is 
promising because of the synergistic interactions between oncolytic adenoviruses and chemo- 
therapy/radiotherapy. Phase III clinical trials are ongoing to assess the efficacy of oncolytic 
mutants in locally recurrent and high-risk local prostate cancers [21]. If the results of these 
trials confirm the efficacy and safety, the first oncolytic virus therapy for PCa patients may 
become a reality in the future. Additionally, arming the viruses with cytotoxic transgenes 
and immune stimulatory factors represents a promising approach to enhance efficacy in both 
localised and metastatic PCa. A recent advancement in the development of optimised onco- 
lytic viruses is the generation of chimeric viruses by utilising serotypes that are more resistant 
in the circulation. An effective but labour-intense approach is to generate chimeric oncolytic 
adenovirus with enhanced potency, circulating half-life and selectivity to specific cancer types 
by directed evolution [76]. The major drawback of oncolytic adenoviruses is the disappoint- 
ing anticancer activity against distant metastatic tumours after systemic administration, and 
by employing novel chimeric serotypes, it may be possible to develop superior mutants with 
properties suitable for intravenous delivery. The adenoviral mutants Ad5/3A24hCG demon- 
strated promising anticancer activity in preclinical metastatic hormone-resistant PCa models, 
which prolonged survival in vivo [43]. If the same results are reproduced in patients, a great 
impact on the management of metastatic PCa can be anticipated. We predict that in the near 
future oncolytic adenoviruses will be a treatment choice for this indication and will add to the 
novel therapies that aim to cure late-stage castration-resistant prostate cancer. 
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